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EDITORIAL 


Global science engagement 


n rural Laos, more than 50% of newborns will be 
stunted by age 2 due to chronic malnourishment. 
Worldwide, 161 million children under the age of 5, 
many of them in Africa and Asia, suffered irrevers- 
ible stunting as of 2013. The developed world is not 
immune. As recently as 2010, stunting affected 8 to 
9% of babies enrolled in U.S. federal food-subsidy 
programs. Next week in Washington, DC, the American 
Association for the Advance- 
ment of Science (AAAS is 
the publisher of Science) will 
convene its annual meeting 
(11 to 15 February), where 
world leaders will discuss 
food security and other ma- 
jor challenges that lie ahead 
in both the science and in- 
ternational policy arenas. 
Ensuring a_ sustainable 


natural aquifers and a small landmass. International 
research collaborations can save money in the long run. 

To solve complex global problems, the world’s tech- 
nical workforce must include countries at all economic 
levels. No segment can be ignored or overlooked in the 
talent search, because diversity in opinions, ideas, and 
experiences fuels creativity and innovation. We can no 
longer afford to lose talented young women around the 
globe who were science stars 
in their early schooling and 
career preparation, yet later 
were lost from the technical 
talent pool—lost to factors 
that are not beyond control 
but require a strong global 
commitment to resolve. 

In my work with develop- 
ing countries in Africa, Asia, 
and Latin America, I con- 
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world in the face of climate tinue to be impressed by the OR. E-mail: 
change and a world popula- talent and creativity of scien- richmond@ 
tion of 9 billion demands a tists there: male and female, oregon.edu 
major shift in how nations abled and disabled, young 
seek ingenious ways to co- and old. We need their ideas 
exist with ever-expanding and perspectives as much as 
needs for energy, food, those from countries with 
water, and a healthy envi- advanced science and tech- 
ronment—situations that . , diversity in opinions, ideas, nology infrastructures. But 
are complex and intercon- . ik their ability to connect with 
nected. Solutions demand and experiences fuels cre eativity scientists in the more devel- 
innovative international re- ° ° ” oped research mainstream 
search partnerships and pol- and unnovation. is fraught with difficulties, 
icies that include talents and including international cul- 
perspectives from both the developed and developing | tural biases that also make it difficult for them to get 
worlds. This collaboration will be the focus of the AAAS access to, or publish in, respected journals. Equally, I 
meeting, under the theme “Global Science Engagement.” see scientists and engineers, especially the younger gen- 
The meeting will provide an opportunity to hear about | eration in the United States, who are passionate about 
the latest new approaches and creative thinking from | global research engagement but do not know how to 
around the world. connect with potential partners in the developing world. 
Amid budget constraints and current isolationist I applaud organizations that have a history of success in 
views, many policy-makers, including those in the | facilitating such connections. 
United States, may understandably see international AAAS has a long history of international engagement 
initiatives as less important than domestic ones. Such activities, as have other scientific societies, but we all 
research isolation is unwise. Water security is a good | can do more to facilitate international research network- 
example. The United States spends billions of dollars ing, collaborations, and journal access. Through the up- 
making water potable and then flushes an estimated | coming AAAS Annual Meeting and beyond, I hope that 
90% of that water down the toilet or drain. There is countries can commit to strengthening these connec- 
much to learn from countries such as Namibia, the | tions. It is imperative for the sustainability of the planet 
most arid country in southern Africa, where people and those malnourished babies in Laos and around the 
have been drinking recycled water since 1969 with | world, whose lives we cannot afford to waste or lose. 
no health consequences, or Singapore, which has no - Geraldine Richmond 
10.1126/science.aaf2869 
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Spanish missions triggered crash 


Spanish missions, like San Jose de los Jemez (shown), may have helped spread disease among the Pueblo. 


hen European explorers first arrived at Jemez province in 
New Mexico in 1541, its ponderosa pine forests were home 
to between 5000 and 8000 Pueblo people. Some time after- 
ward, the population had plummeted by 87%, probably be- 
cause of a series of devastating epidemics, but the timing 
of this has been unclear. Now, a new study suggests that 
the downfall occurred about a century after the first contact with 
Europeans—corresponding with the establishment of Spanish mis- 
sions in the region, which likely helped spread disease. By count- 
ing the rings of trees now growing in the ruins of Jemez villages, 
researchers determined that many of them sprouted in the 1630s and 
1640s, suggesting that the sites were abandoned soon after the mis- 
sions arrived. The population crash also triggered ecological changes, 
the researchers report this week in the Proceedings of the National 
Academy of Sciences. Without the Pueblo people clearing underbrush 
for firewood and cutting down trees for construction, the region was 
primed for forest fires, which became more frequent in the decades 
following the population collapse. http://scim.ag/Pueblomission 
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Speed, in kilometers per hour, of a Tyrannosaurus rex that strode along 
a shoreline 66 million years ago—a brisk but not outrunnable pace, 
say researchers who analyzed the spacing and arrangement of a set of 
fossilized footprints (Cretaceous Research). http://scim.ag/Trexwalk 


AROUND THE WORLD 
Data sharing stance sparks debate 


BOSTON | Support for data sharing is 
trending among scientists, but it has proven 
difficult to implement in clinical trials. 
Last week, The New England Journal of 
Medicine (NEJM) published two editorials, 
one of which sparked a backlash on 

social media. In the first, NEJM joined 

13 other medical journals in proposing to 
require authors to agree to share anony- 
mized patient data within 6 months of an 
article’s publication. That proposal is now 
accepting comments at www.icmje.org. In 
the second, NEJM editors focused on how 
clinical trial data should be shared; the 
writers noted concerns that data might be 
nabbed by “research parasites” who would 
use them for their own ends or to disprove 
the original hypothesis. This outraged many 
scientists, some of whom coined a Twitter 
hashtag—#IAmAResearchParasite. NEJM 
Editor-in-Chief Jeffrey Drazen defended 
the editorial’s stance to Science, noting that 
collaborating with the group that produced 
data is “what we think is the preferred way 
to [proceed], not necessarily the only way.” 


New ocean health monitoring plan 


Tokyo | Marine scientists are develop- 
ing new sensors they plan to deploy in 

a global monitoring system to better 
observe changes occurring in the world’s 


Tracking rapid ocean changes requires new data. 
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oceans. The Partnership for Observation 
of the Global Oceans (POGO), a consor- 
tium of 40 oceanographic institutions, 
announced the new strategy at a press 
conference 25 January, ahead of the 
partnership’s annual meeting. POGO has 
previously coordinated the worldwide 
deployment of 20,000 autonomous probes 
known as Argo (shown) floats that gather 
ocean data including temperature and 
salinity. But POGO researchers say that sci- 
entists will need much more data to keep 
pace with rapid changes in the oceans, such 
as measurements of temperatures at depths 
below 2 kilometers (the depth limit of 
Argo sensors) as well as biological activity 
throughout the water column. The goal is 
to have the new global monitoring system 
in place by 2030. http://scim.ag/POGOplan 


Chinese scientists indicted 


PHILADELPHIA, PENNSYLVANIA | Inthe 
latest of a series of cases against Chinese 
or Chinese-American scientists, two 
GlaxoSmithKline (GSK) scientists were 
accused last week of transferring trade 
secrets to China. On 20 January, federal 
prosecutors in Philadelphia announced 
the indictment of Yu Xue and Lucy Xi and 
three associates for trade secrets theft, wire 
fraud, and other charges. The scientists 
stand accused of emailing and download- 
ing proprietary data about GSK products 
and sending it to contacts working for 

the Chinese start-up Renopharma; the 
indictment alleges that Xue was financially 
involved in Renopharma and hoped to 
profit off the transfer of information. But 
experts are urging caution in interpreting 
the case, noting that it bears similarities to 
two other recent cases involving Chinese 
American or Chinese defendants in which 
prosecutors abruptly dropped charges 
because of improper analysis or insufficient 
evidence. http://scim.ag/GSKsecrets 


Cats domesticated twice? 


Cats may have been domesticated more 
than once. That’s the intriguing possibility 
raised by a new analysis of feline bones 
from three ancient farming villages in 
China. The bones—dated to about 5000 
years ago—all belong to the leopard cat 
(Prionailurus bengalensis), researchers 
report this month in PLOS ONE. That’s a 
different species than the Near Eastern 
wildcat (Felis silvestris lybica), the 
ancestor of today’s house cat, which was 
domesticated in the Middle East about 
10,000 years ago. Some of the bones show 
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Analyses of the microbes 
inthese tire imprints added 
science to an-art project. 


Cycling artist maps soil microbes across Eurasia 


rt, science, and dirt collided during Wolfgang Burtscher's cross-continent bicycle 

trip from Austria to Laos. In anticipation of the International Year of Soils in 2015, 

Burtscher, an artist, stopped each day during his 11-month trek in 2012 to make 

a “tripmark”—a tire-track imprint—and to collect soil. Teaming up with artist 

and microbial ecology graduate student Magdalena Nagler of the University of 
Innsbruck in Austria, he turned the art project into a scientific study. Nagler sequenced 
the soils’ DNA to identify which fungi and soil bacteria, called actinobacteria, were pres- 
ent. It was a rare opportunity to cover such a broad geographic area, she says, and to 
confirm that microbes really follow a century-old rule: “Everything is everywhere, but the 
environment selects.” Many microbes were ubiquitous across Eurasia, she and her col- 
leagues report in the March issue of Applied Soil Ecology—but how similar two microbial 
communities are is determined more by the similarity of the soils and local climates than 
by their actual proximity. “For me it was surprising that [the result] was so nicely fitting 
our hypothesis,” Nagler says. “You are not always so lucky.” 


signs that the villagers cared for these 
animals, suggesting they may have been on 
the road to domestication. But the process 
hit a dead end at some point. Still, leopard 
cats survive in house cats in the Bengal 
breed, a hybrid of the two created in the 
1960s. http://scim.ag/catsdom 


Three Q’s 


On 22 January, neuroscientist lan Chubb 
stepped down after 5 years as Australia’s 
chief scientist. He held the position dur- 
ing a turbulent time. Under former Prime 
Minister Tony Abbott, who led the coun- 
try from September 2013 to September 
2015, funding for scientific research fell to 
a 30-year low and the government failed 
to appoint a science minister for more 
than a year. Science spoke with Chubb 
about his experiences. 
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Q: You've said that Australia should not rely 
on “voodoo economics.” Why? 

A: [Some] members of the commentariat 
believe in the omnipotence of the market. So 
when governments say we ... have to make 
choices [for science funding], they are criti- 
cised as “picking winners.” In contrast, there 
are ample examples of sensible government 
interventions which can harness the nation’s 
educational and scientific strengths. We 
must put our faith in evidence-based policy, 
not uninformed ideology. 


Q: What would you like to say to Australian 
scientists as you leave the job? 

A: Be patient, and persistent. We need the 
science. [The public] needs reassurance that 
what you do is important to their future. 


Q: What advice do you have for your succes- 
sor, neuroscientist Alan Finkel? 

A: My only comments are: Don’t flinch, and 
don’t forget the importance of the public. 
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Can Germany engineer a coal exit? 


Debate grows over whether nation could eliminate a key but dirty fuel by 2040 


By Christopher Schrader 


narecent frigid day, towering plumes 

of steam rose from the cooling towers 

of Germany’s Janschwalde generating 

station, a huge coal-fired power plant 

near the nation’s border with Poland. 

The carbon dioxide-spewing plant is a 
jarring sight in the land of the Energiewende, 
Germany’s ambitious plan to transform its 
energy system and cut national greenhouse 
gas emissions by 80% to 95% by 2050. But 
Janschwalde is just one of about 40 coal- 
burning plants that, together, are Germany’s 
top source of electricity. 

Now, in the wake of the Paris climate pact, 
Germans are debating whether and when to 
close Janschwalde and other coal plants. 
“Germany can’t be the Energiewende coun- 
try and remain a coal country,’ says Patrick 
Graichen, head of Agora Energiewende, a 
Berlin think tank. It released a report this 
month concluding that Germany could 
abandon coal by 2040 by shifting to cleaner 
alternatives. Last week, Germany’s environ- 
ment minister, Barbara Hendricks, said that 
she soon will unveil a plan for reaching the 
2050 emissions goal. Many observers expect 
it to include a coal exit timeline. 

But German Vice Chancellor Sigmar 
Gabriel is pushing back, along with major la- 
bor and industry groups that fear job losses 
and energy market disruptions. They also ar- 
gue that Europe’s emissions trading market 
means that a German coal exit would lead to 
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rising emissions in other countries. “We are 
convinced the problem should be solved on 
the European level,’ Gabriel said last week. 
Germany’s energy system is already un- 
dergoing a dramatic transformation. The 
nation plans to close its seven remaining 
nuclear power plants by 2022 and has been 
investing heavily in wind, solar, and other 
renewable sources of power. Renewables 
are now Germany’s second leading source 
of electricity, providing about one-third of 


“Germany can't be the 
Energiewende country and 
remain a coal country.” 


Patrick Graichen, Agora Energiewende 


the total. Officials want to boost that share 
to at least 80% by 2050, as part of the plan 
to “decarbonize” Germany’s economy. 

But relatively cheap coal remains a top 
power source. In 2015, coal plants produced 
43% of Germany’s electricity. That’s down 
from 50% in 2000, but coal is still Germa- 
ny’s leading source of carbon emissions— 
producing 40% of the total—and the nation 
is Europe’s champion emitter, releasing 
800 million tons of CO, in 2014. 

Particularly problematic is Germany’s 
reliance on its massive reserves of lignite, 
a soft brown coal that burns inefficiently, 
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producing roughly one-fourth more car- 
bon dioxide than hard coal and almost 
three times as much as natural gas. Overall, 
lignite-fueled plants such as Janschwalde, 
which gets its coal from huge open pits 
nearby, produce about one-fourth of Ger- 
many’s power. (Plants fueled with hard coal 
produce about one-fifth.) 

To curb emissions, Germany is al- 
ready planning to pay utilities to moth- 
ball eight lignite plants—including two of 
Janschwalde’s six units—by 2020. But ana- 
lysts argue much more will be needed. “Ulti- 
mately, there is no alternative to phasing out 
... coal power if Germany is to fulfill its cli- 
mate goals,” Agora Energiewende concluded 
in its 11 January report, which lays out a 
wide-ranging plan for a coal exit by 2040. 

The plan calls on the government to 
immediately bar the construction of new 
power plants and lignite mines and, be- 
ginning in 2018, for utilities to start aban- 
doning older coal-fired plants. It envisions 
reducing Germany’s 49 gigawatts of coal 
generating capacity by 3 gigawatts per year, 
or the equivalent of closing three to six big 
plants annually. Germany can replace coal 
plants with cleaner natural gas generators 
and existing renewable technologies with- 
out causing a spike in power prices, the 
group says: It calculates a 2040 coal exit 
would increase power prices by just €0.03 
to €0.05 per kilowatt hour, compared with 
a slower business-as-usual scenario that en- 
visions coal use tailing off after 2050. 
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Fueled by lignite, the Janschwalde plant is one of 
Germany’s largest carbon dioxide emitters. 


Agora Energiewende also calls on the 
government to quickly convene a “round 
table” of key players—including unions, en- 
ergy firms, and environmentalists—which 
would develop a coal exit schedule by the 
end of 2016. That idea has been endorsed 
by Hendricks, the environment minister, 
who aims to deliver a national climate plan 
to Chancellor Angela Merkel’s cabinet this 
summer. Hendricks has said she’d like to 
see Germany’s last lignite-fueled plant 
close by 2050. 

Gabriel, the energy and economics minis- 
ter, also backs the idea of talks, but says he is 
skeptical of developing a “master plan.” And 
industry and union groups have raised nu- 
merous concerns about a rapid coal exit, not- 
ing that some 60,000 jobs are at stake. 

Some of the critics argue that Ger- 
many doesn’t need new rules to reach its 
2050 goals, because existing domestic and 
Europe-wide climate policies—including 
the E.U. emissions permit trading system— 
will be sufficient to reduce Germany’s reli- 
ance on coal. Others predict that a hurried 
phase-out will disrupt electricity markets, 
especially if it forces many larger, older lig- 
nite plants to close in the early 2020s, just 
as nuclear plants are disconnected, too. 
Analysts also worry that, by acting alone, 
Germany could end up unintentionally 
boosting emissions elsewhere, as power 
producers in other nations purchase cheap 
emissions permits that German utilities no 
longer need. “The CO, will only be released 
in other countries,’ predicts Uwe Maafgen 
of the Bundesverband Braunkohle in Co- 
logne, which represents the lignite industry. 

To prevent displaced emissions, the Agora 
Energiewende report says Germany must 
push for reforms to Europe’s emissions trad- 
ing scheme, so that it doesn’t undermine 
aggressive national policies. It also recom- 
mends that Germany create programs aimed 
at softening the blow of job losses. 

The coal exit discussion is coming “at 
the right time and is the next logical step 
in the Energiewende debate,” says Marcus 
Ferdinand, an analyst at Thomson Reuters in 
Oslo. But the politics are perilous. Last year, 
fierce opposition forced Gabriel to abandon 
a proposal to heavily tax the most polluting 
lignite plants. Instead, he opted for the less 
onerous—and costlier—plan to pay owners 
to mothball some plants. But Agora Ener- 
giewende warns that the cost of expanding 
such a buyout scheme to Germany’s whole 
coal sector would be exorbitant. & 


Christopher Schrader is a writer in 
Hamburg, Germany. 
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Rare isotopes offer clues to 
the chemistry of the planet 


New lab tools bring exotic isotopic signatures into view 


By Eric Hand 


o learn about some of the grand- 

est processes on Earth, from plant 

growth to climate change, researchers 

are weighing molecules on ever more 

sensitive scales. Molecules containing 

an unexpected isotope—carbon-13 in 
place of carbon-12 in carbon dioxide (CO,), 
say—weigh a hair more or less than their 
commoner counterparts and carry a wealth 
of information about biological or chemi- 
cal processes. Those carbon isotopes, for 
example, are a gauge of plant productivity, 
because photosynthesis prefers to take up 
carbon-12 over its heavier cousin. 

For decades, geochemists had to be 
content to measure one isotope at a time. 
Now, however, formi- 
dable new lab instru- 
ments are enabling 
them to detect some of 
the rarest isotopic vari- 
ants in nature: mol- 
ecules containing two 
or more rare isotopes 
at once. The quantities 
are minuscule, and the 
targets are almost indis- 
tinguishable from other 
forms of the molecule. 
But already, the lab re- 
sults on small molecules 
including methane and 
nitrogen are starting to 
offer tantalizing clues 
to paleoclimate, nutri- 
ent cycling, energy ex- 
ploration, and Earth’s 
deep biosphere. 

“We are all realizing that these new instru- 
ments just open up so many possibilities, we 
don’t know where to start,’ says Laurence 
Yeung, a geochemist at Rice University in 
Houston, Texas. “Every stone you look under, 
there will be something new and interesting. 
It’s a sea change in how we engage with iso- 
tope geochemistry.” 

One group, led by John Eiler of the Cali- 
fornia Institute of Technology in Pasadena, 
is going even further: looking at large mol- 
ecules from living things, such as amino ac- 
ids and sugars. Because of their size, each 
compound can come in millions of isotopic 
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At the University of California, Los Angeles, the world’s largest 
gas-fed mass spectrometer, Panorama, will probe methane origins. 


flavors, all of them clues to biological pro- 
cesses. “Every one of those isotopic forms 
is in some sense unique and encodes some- 
thing about the molecule,” Eiler says. As 
scientists hone their ability to detect and 
measure these flavors, isotopic analysis of 
biomolecules could benefit drug develop- 
ment and personalized medicine, says Eiler, 
who has started a company that will seek 
commercial applications. 

Eiler began the trend a decade ago by 
pointing out the scientific benefits of study- 
ing so-called clumped isotopes. A molecule 
like CO, comes not only in flavors with sin- 
gle-isotope substitutions—such as ’C*O%O 
(in which carbon-13 replaces carbon-12), or 
®C*%0OO—but also in rarer, doubly substi- 
tuted forms, such as ®C#O%0O. 


The prevalence of this rare molecule, or 
isotopologue, offers clues to the tempera- 
ture at which it formed. CO, made at high 
temperatures contains just 44 parts per 
million of “COO, the proportion that 
would be expected by chance alone. But 
at lower temperatures, nature has a small 
tendency to assemble more of these special 
molecules, because the heavier atoms bond 
slightly more stably. Eiler realized that 
mass spectrometers—a kind of molecular 
scale—could measure that slight preference 
for “clumping” of the two heavy atoms, and 
that scientists could harness that bias as 
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a geothermometer. Sure enough, he found 
progressively more clumping as he sampled 
CO, made at lower and lower temperatures 
of formation: car exhaust (200°C), human 
respiration (37°C), and urban air (20°C). 

Since Eiler proposed the idea in 2004, a 
few dozen labs have run with it, focusing 
on one paleoclimate application in particu- 
lar: measuring clumped isotopes in CO, 
extracted from carbonate rocks, such as 
limestone, that precipitated out of ancient 
seawater. Previously, paleoclimatologists 
estimated ancient temperatures by measur- 
ing single isotopes in limestone—but they 
couldn’t tell whether an unusual mixture of 
isotopes in the original seawater might be 
skewing their calculations. “We don’t have 
the water from the past, so we're missing 
a key component to making a temperature 
determination,” says Albert Colman, a geo- 
chemist at the University of Chicago in II- 
linois. By contrast, the clumped-isotope 
effect is independent of seawater composi- 
tion. It is frozen in the limestone at the time 
of its precipitation, as the ions jostle for the 
most stable thermodynamic arrangement 
for a given temperature. 

Now, a few labs are using new tools to 
branch out of carbonates and into new 
molecules that require finer mass measure- 
ments. Shuhei Ono, at the Massachusetts 
Institute of Technology in Cambridge, is us- 
ing infrared spectroscopy to study isotopo- 
logues of methane in order to understand 
its origin. Different isotopic forms of the 
gas absorb different frequencies of infrared 
light; by tuning lasers to those absorption 
frequencies, he can measure how abundant 
the isotopes are. The laser spectrometer fits 
in a box less than a meter across—“You can 
put it in your Dodge Caravan,” Ono says— 
and the pace of laser development keeps 
costs dropping as capabilities grow, he says. 

Ed Young, a geochemist at the University 
of California, Los Angeles, is also analyzing 
clumped isotopes in methane, seeking clues 
to its origins, but he’s betting on a different 
technology: bulked-up mass spectrometers. 
Mass spectrometers take streams of ionized 
molecules and use a magnet to guide them 
on a curving path into a detector. Lighter 
molecules swerve more in flight than 
heavier ones do, so they strike the detector 
in different places. A bigger magnet gives 
the finer mass resolution needed for rarer 
isotopologues. Young’s spectrometer, called 
Panorama, contains the largest magnet ever 
used in a spectrometer of its kind, and the 
machine fills an entire room. (This week in 
Science [p. 493], Young and colleagues pub- 
lish the first results from Panorama, mea- 
surements of single oxygen isotopes that 
have implications for the formation of the 
moon but nothing to do with clumping.) 
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Young aims to use Panorama to measure 
two doubly substituted flavors of meth- 
ane: one with two deuteriums in place of 
hydrogens, and one with a single deute- 
rium and a carbon-13 instead of carbon-12. 
Measuring both at once, he hopes, will en- 
able him to distinguish methane made by 
microbes—as most is thought to be—from 
“abiotic” methane made from mineral reac- 
tions at high pressures and temperatures 
deep in Earth. 

The energy industry, which has long 
wondered whether accessible sources of 
abiotic methane lurk underground, will 
be eager for more such clues, Young says. 
Colman adds that clumped isotope analysis 
of methane could also help biologists spot 
signs of organisms in the depths of Earth’s 


Rare flavors 


The methane molecule comes in a handful of 
ever-more-rare isotopic flavors. By measuring the 
abundance of these subspecies in a sample—and 
how those amounts differ from normal—scientists 
can learn about the methane'’s temperature of 
formation and mixing history. 
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crust and measure the temperatures they 
endure, a clue to how far down the “deep 
biosphere” extends. The methane finger- 
print “could be used as a fingerprint for life 
in the deep subsurface,” he says. 

Yeung, a former postdoc of Young's, is 
using Panorama to explore another key 
biogeochemical process: the denitrification 
in Earth’s oceans that returns nitrogen to 
the atmosphere after it has cycled through 
living things as “fixed nitrogen,’ bound in 
proteins and other biomolecules. Biologists 
know of two main pathways by which mi- 
crobes remove fixed nitrogen, each with its 
own enzyme, but they have no idea which 
pathway is more important or how climate 
change might be affecting them. Yeung 
suspects that the two pathways clump 
doubly substituted nitrogen molecules— 
N, with two nitrogen-15 atoms in place of 
nitrogen-14—to different degrees. “There’s 
no tracer of this type of process globally,” 
he says. “We’re trying to figure out [the 
clumped effect] now.” 

The mass-spectrometry-on-steroids ap- 
proach of Panorama comes at a cost: The 
machine cost about $2 million dollars, and 
it took years to assemble and bring up to 
speed. A smaller but roughly comparable 
machine in Eiler’s laboratory cost about 
$1.5 million. 

Eiler, however, is already looking ahead 
to the next tool: the Fourier transform mass 
spectrometer, which traps ions in a small 
resonating chamber and determines their 
masses from their oscillation frequencies. 
With some tweaking, Eiler says, the instru- 
ment can not only identify the many isoto- 
pologues of different large biomolecules but 
also measure their abundances. He is first 
targeting simple sugars and amino acids, 
but he eventually hopes to detect isotopic 
signatures in drug metabolites. They could 
yield clues to how the body is processing 
the drug and how well it is working. 

Colman thinks clumped-isotope analysis 
could also lead to new diagnostics, based 
on differences in the isotopic signatures 
of molecules found in diseased cells versus 
healthy ones. “If things like that material- 
ize, this will be huge, and you will see not 
just [National Science Foundation] money 
put in but also NIH money,” he says. 

Researchers agree, however, that a lot of 
spadework will be necessary first. Gwyneth 
Gordon, a geochemist at Arizona State Uni- 
versity, Tempe, says that, for now, geochem- 
ists need to concentrate on the unexplored, 
basic science: which isotopologues can be 
measured, what signals there are, if any— 
and what the signals mean. “In some ways 
I think the technology is getting ahead of 
the science,” she says. “It’s in the descrip- 
tive phase.” & 
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PHYSIOLOGY 


A fish back from the dead 


Understanding how killifish survive months without 
oxygen could help stroke victims 


By Elizabeth Pennisi, in Portland, Oregon 


eprive a human of oxygen for 5 min- 

utes or more and she will turn blue, 

pass out, and may die. Suffocate 

the embryo of a Venezuelan annual 

killifish, however, and it survives 

for months, emerging unscathed to 
complete its development. Pinkie-sized and 
nondescript, the killifish is “a champion of 
anoxia tolerance among vertebrates,” says 
Daniel Warren, a comparative physiologist 
at St. Louis University in Missouri. 

At the annual meeting of the Society for 
Integrative and Comparative Biology here 
last month, Jason Podrabsky offered a look 
at the killifish’s bag of tricks. The compara- 
tive physiologist from Portland State Univer- 
sity in Oregon and his students are studying 
the fish to explore the extremes of vertebrate 
physiology—and to find clues to treating 
stroke, heart attack, or trauma, which can 
starve tissues of oxygen. “If we can figure out 
the mechanisms that animals naturally use 
to keep them tolerant of anoxia, the potential 
is there to adopt and use them in a surgical 
or trauma setting,” says W. Wesley Dowd, a 
comparative physiologist at Loyola Mary- 
mount University in Los Angeles, California. 

Researchers have identified two other ver- 
tebrates, Europe’s crucian carp and North 
America’s Western painted turtle, that can 
live without oxygen just as long as the killi- 
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fish. But those organisms experience anoxia 
when the lakes they live in freeze, and the 
cold helps them survive by slowing their me- 
tabolism. In contrast, killifish survive anoxia 
at tropical temperatures, a much harder task. 

The killifish inhabit temporary pools that 
form during the rainy season and often van- 
ish before the fish can complete their life 
cycle. Their eggs may be marooned in the 
clay-laden mud, sealed off from oxygen, for 
weeks or months until the rains return. Po- 
drabsky’s studies revealed that changes in 
temperature help trigger the embryos to en- 
ter “diapause,’ or dormancy. Rainy seasons, 
when the ponds fill and killifish thrive, are 
warm. But when Podrabsky cooled the em- 
bryos to 25°C, they stopped developing and 
entered diapause. At that point, he reported, 
the fish’s heart stopped in a matter of hours, 
mitochondria—the cell’s power plants— 
reduced their production of the energy mol- 
ecule ATP, and metabolism shut down. 

Over the past several years, Podrabsky 
and his students have searched for the ge- 
netic basis of this shutdown by sequencing 
the killifish genome and isolating RNAs it 
produces. Graduate student Amie Romney, 
for example, has followed both the protein- 
coding RNA packaged by the mother in her 
eggs and small pieces of RNA produced 
by the embryo. The two types of RNA ap- 
pear to tussle for control over diapause, 
she reported. The maternal RNA carries 
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Some annual killifish embryos can shut down and 
survive months with no oxygen. 


the instructions for initiating diapause, 
but high temperatures—meaning wet 
conditions—seem to stimulate the embryo’s 
production of small noncoding RNAs that 
may counter those instructions. One such 
small RNA, mir430, is known to inactivate 
maternal RNA in the embryos of another 
fish, the zebrafish. In killifish embryos that 
skip diapause, mir430 increases in abun- 
dance and stays plentiful, Romney reported. 

Many other RNAs seem to help the fish 
deal with low or no oxygen, graduate stu- 
dent Claire Riggs found. She reported that 
some RNAs isolated from killifish embryos 
resemble small RNAs seen in mammal cells 
temporarily deprived of oxygen, and many 
are concentrated in the brain, an organ es- 
pecially sensitive to hypoxia. Even so, Dowd 
says researchers can map “only 10% [of 
RNAs] ... to a genomic sequence that we 
know something about.” 

Riggs and others are also comparing the 
killifish’s adaptations with those of other 
anoxia-tolerant champions. Unlike killi- 
fish, anoxic turtles continue making ATP, 
Warren has found; the turtles rely on an 
anaerobic pathway, like a human sprinter 
outrunning her oxygen supply. That causes 
extreme lactic acid buildup, which the tur- 
tles buffer with carbonate taken from their 
shell and other bones. They also slow down 
their heart. The crucian carp, in contrast, 
keeps its heart beating strongly, even after 
5 days without oxygen, Goran Nilsson, a 
physiologist at the University of Oslo, has 
found. The carp also generates energy an- 
aerobically, but it produces alcohol instead 
of lactic acid. And it continues to glean oxy- 
gen from its environment by increasing the 
surface area of its gills sevenfold. 

The three anoxia champions do have 
some common strategies. Over the past few 
decades, Nilsson has shown that levels of 
GABA, a chemical that inhibits nerve ac- 
tivity in humans, increases in the brains of 
carp and painted turtles during anoxia, per- 
haps slowing brain energy consumption. 
Podrabsky also found that GABA increases in 
his killifish—to concentrations “far beyond 
any vertebrate that’s been looked at,” he says. 
Killifish embryos die if they can’t build up 
GABA when they are deprived of oxygen. 

Now Riggs, with the help of other anoxia 
researchers, is examining small RNAs from 
all three species, to see whether they share 
the same rapid cellular switches that seem 
to shut down metabolism. If so, Dowd says, 
“that would be a remarkable example of 
convergent evolution’—and a hint that sim- 
ilar switches could protect other organisms 
from hypoxia, perhaps even us. & 
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INFECTIOUS DISEASE 


Researchers 


claim to 
find HIV 
sanctuaries 


The most powerful 
antiretrovirals may not 
reach virus lurking in 
some tissues 


By Jon Cohen 


or all the progress made in HIV treat- 

ment, a depressing fact stands in the 

way of a cure. Even after powerful anti- 

retroviral drugs (ARVs) have driven the 

virus down to undetectable levels in the 

blood, it isn’t gone. It lurks in “reser- 
voirs,” out of reach of treatment, and if drugs 
are stopped it almost always rebounds. But 
exactly how these reservoirs stick around for 
a person’s entire life is contentious. 

A new study supports a controversial 
proposal about why HIV persists in spite of 
aggressive treatment. The standard view is 
that the virus lies dormant inside of human 
chromosomes, out of reach of treatment be- 
cause it is not replicating. The new study, 
published online in the 27 January issue of 
Nature by a prominent group of HIV/AIDS 
researchers, suggests instead that despite 
the barrage of drugs, HIV continues to rep- 
licate, sheltered in the lymph nodes, which 
ARVs have trouble reaching. 

“The debate is over: There is ongoing 
replication” in people on ARVs who have 
no detectable virus in their blood, contends 
the Nature study’s lead author, virologist 
Steven Wolinsky of Northwestern Univer- 
sity Feinberg School of Medicine in Chicago, 
Illinois. If he’s right, the current best hope 
of curing HIV infection—“kicking” latently 
infected cells to produce virus, which would 
lead to their destruction—will need rethink- 
ing. Instead, a cure might also have to up the 
dose of existing ARVs or develop others that 
better target tissues like the lymph nodes. 

The debate is actually far from over. Daria 
Hazuda, who heads antiviral research at 
Merck in West Point, Pennsylvania, calls the 
new data “intriguing and compelling” and 
says the study is “very consistent with other 
pieces of data that have been percolating for 
a decade.” But other HIV experts say the data 
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(purple) still produced detectable viral RNA (green). 


don’t support the study’s bold conclusions. 
“Tt’s quite upsetting,” says virologist John 
Mellors of the University of Pittsburgh in 
Pennsylvania. “The authors should be much 
more cautious.” The study “just doesn’t agree 
with results that we have,’ says John Coffin, a 
retrovirologist at Tufts University in Boston. 

More than 4 years ago, two of the Nature 
paper’s co-authors reported that concentra- 
tion of ARVs in lymph nodes and other tis- 
sues may be far lower than in blood—not 
high enough to stop all viral replication (Sc7- 
ence, 23 December 2011, p. 1614). To test that 
possibility, the team analyzed HIV genetic 
sequences in difficult-to-obtain samples of 
lymph nodes taken over 6 months in three 
patients. All had started ARVs and fully sup- 
pressed the virus on standard blood tests. 
HIV mutates each time it copies itself, so 
if the virus were replicating in the lymph 
nodes, the sequences should show signs of 
evolution. The researchers found just that: 
sequence changes showing that HIV had 
evolved in the lymph node of each patient. 
A slow trickle of new virus was apparently 
being produced. 

Coffin counters that he and others have 
seen no signs of evolution in several stud- 
ies that examined virus found in the blood 
of patients who take powerful ARVs for lon- 
ger than a decade. He and Mellors fault the 
machine Wolinsky and his colleagues relied 
on—a Roche 454 DNA Sequencer—which is 
no longer used by most labs. “The reason it’s 
obsolete is it had unacceptably high error 
rates,’ Mellors says. 

“He’s categorically wrong,’ Wolinsky coun- 
ters. “As long as you know the errors intro- 
duced by the technique, you can control for 
it” He points out the group analyzed each 
sample twice and obtained the same results. 
What’s more, Wolinsky says the viral family 
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trees created from sequences in each person 
match the mutation rates that would be ex- 
pected if new viruses were made. “I think 
the data are real,” says Douglas Richman, 
a virologist at the University of California, 
San Diego, who has long been in Coffin and 
Mellors’s camp. Richman adds that the 
study’s authors are “the best in the world” at 
analyzing HIV in tissues and viral evolution. 

Wolinsky and his co-authors enlisted 
leading viral evolutionary biologist and 
modeler Andrew Rambaut from the United 
Kingdom's University of Oxford to address 
another argument made by those who 
contend ARVs stop all new virus produc- 
tion: If replication is occurring because of 
insufficient concentrations of the drugs in 
the tissues, then drug-resistant mutants 
should emerge. Rambaut’s model suggests 
that when ARV concentrations are low, wild- 
type virus isn’t hampered much and handily 
“outcompetes” resistant variants. 

“You can use a model to support any- 
thing you want, but you can prove nothing,” 
Mellors says. “You can model that the sun or- 
bits the Earth.” 

Sharon Lewin, an HIV cure researcher at 
the University of Melbourne in Australia, 
isn’t totally convinced, either. She says she’d 
like to see data from more than three people 
and also from those suppressed for longer 
than 6 months. But she adds that “the work 
raises lots of new questions and avenues for 
research.” 

Wolinsky and co-authors agree. They hope 
their study will spark clinical experiments 
that attempt to increase ARV concentration 
in lymph nodes and then assess the impact 
on HIV reservoirs. “It’s a spectacular debate,” 
Wolinsky says. “And if indeed we have ongo- 
ing replication in these drug sanctuaries, we 
now have a new path to a cure.” & 
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ARCHAEOLOGY 


Ancient Babylonians took first steps to calculus 


Math whizzes left precocious geometric calculations on clay tablets by 50 B.C.E. 


By Ron Cowen 


racking and recording the mo- 

tion of the sun, the moon, and the 

planets as they paraded across the 

desert sky, ancient Babylonian as- 

tronomers used simple arithmetic 

to predict the positions of celestial 
bodies. Now, new evidence reported on 
p. 482 reveals that these astronomers, work- 
ing several centuries B.C.E., also employed 
sophisticated geometric methods that fore- 
shadow the development of calculus. Histo- 
rians had thought such techniques did not 
emerge until more than 1400 years later, in 
14th century Europe. 

The study “is an extremely important 
contribution to the history of Babylonian 
astronomy, and more generally to the his- 
tory of science,” says astronomy historian 
John Steele of Brown University, who was 
not part of the work. 

Astroarchaeologist Mathieu Ossendrijver 
of Humboldt University in Berlin bases his 
findings on a reexamination of clay tablets, 
one of them unknown until recently, dating 
from 350 B.C.E. to 50 B.C.E. One week each 
year for the past 14 years, Ossendrijver has 
made a pilgrimage to the British Museum’s 
vast collection of tablets inscribed in the 
Babylonian cuneiform script. He was trying 
to solve a puzzle posed by two tablets deal- 
ing with astronomical calculations: They 
also contained instructions for constructing 
a trapezoidal figure that seemed unrelated 
to anything astronomical. 

Between 2002 and 2008, Ossendrijver, an 
astrophysicist turned historian, studied two 
other tablets that also prescribed the draw- 
ing of a trapezoid, and in these he thought 
he could make out a reference to Jupiter. The 
giant planet was a favorite among the Baby- 
lonians, who equated the orb with their main 
god, Marduk, patron deity of the city of Baby- 
lon. But the Jupiter link was tentative. 

Then, late in 2014, retired Assyriologist 
Hermann Hunger of the University of Vi- 
enna visited Ossendrijver, bringing pho- 
tos taken decades ago of an uncatalogued 
Babylonian tablet from the British Museum 
that described some kind of astronomi- 
cal computation. Alone in his office a few 
months later, Ossendrijver perused the pho- 
tos. The images were blurry and the inscrip- 
tions slanted, making them hard to read, 
but he realized the numbers were identical 
to those in the trapezoid inscriptions he 
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had been scrutinizing. By comparing the 
photos with fragments of other Babylonian 
texts, he discovered that the computations 
described the motion of Jupiter. 

Examining all of the tablets at the Brit- 
ish Museum, Ossendrijver figured out that 
the trapezoid calculations were a tool for 
calculating Jupiter’s displacement each day 
along the ecliptic, the path that the sun ap- 
pears to trace through the stars. The com- 
putations recorded on the tablets covered a 
period of 60 days, beginning on a day when 
the giant planet first appeared in the night 
sky just before dawn. 


AA 


x 


Marduk, the patron god of Babylon, was equated 
with Jupiter, so ancient astronomers charted the 
planet’s path across the heavens with care. 


During that interval, Jupiter’s motion 
across the sky appears to slow. (Such erratic 
apparent motion stems from the complex 
combination of Earth’s own orbit around 
the sun with that of Jupiter.) A graph of Ju- 
piter’s apparent velocity against time slopes 
downward, so that the area under the curve 
forms a trapezoid. The area of the trape- 
zoid in turn gives the distance that Jupiter 
has moved along the ecliptic during the 
60 days. Calculating the area under a curve 
to determine a numerical value is a basic 
operation, known as the integral between 
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two points, in calculus. Discovering that the 
Babylonians understood this “was the real 
‘aha!’ moment,’ Ossendrijver says. 

Although elated, Ossendrijver wasn’t 
ready to publish, because a second part of 
the trapezoid prescription remained un- 
clear. By delving into older, purely mathe- 
matical Babylonian texts written between 
1800 B.C.E. and 1600 B.C.E., which also 
described computations with a trapezoid, 
he realized that the astronomers who made 
the tablets had gone a step further. To com- 
pute the time at which Jupiter would have 
moved halfway along its ecliptic path, the 
astronomers divided the 60-day trapezoid 
into two smaller ones of equal area. The 
vertical line dividing the two trapezoids 
marked the halfway time; because of the 
different shapes of the trapezoids, it indi- 
cated not 30 days but slightly fewer. 

The Babylonians had developed “ab- 
stract mathematical, geometrical ideas 
about the connection between motion, 
position and time that are so common to 
any modern physicist or mathematician,” 
Ossendrijver says. 

Indeed, compared with the complex geom- 
etry embraced by the ancient Greeks a few 
centuries later, with its cycles and epicycles, 
the inscriptions reflect “a more abstract and 
profound conception of a geometrical object 
in which one dimension represents time,” 
says historian Alexander Jones of New York 
University in New York City. “Such concepts 
have not been found earlier than in 14th cen- 
tury European texts on moving bodies,’ he 
adds. “Their presence ... testifies to the revo- 
lutionary brilliance of the unknown Mesopo- 
tamian scholars who constructed Babylonian 
mathematical astronomy.” 

After cuneiform died out around 100 C.E., 
Babylonian astronomy was thought to have 
been virtually forgotten, he notes. It was 
left to French and English philosophers and 
mathematicians in the late Middle Ages to re- 
invent what the Babylonians had developed. 

The new discovery may hint that Baby- 
lonian geometry did not die out completely 
after all. Either way, Jones says, learning 
how the Babylonians astronomers ac- 
quired their geometric acumen “would tell 
us something about why human beings do 
science in the first place, and from time to 
time do it very well indeed.” m 


Ron Cowen is a freelance writer in Silver 
Spring, Maryland. 
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TIBET’S PRIMEVAL ICE 


The quest for the world’s oldest ice could yield a Rosetta Stone 
for how Asia responds to a changing climate 


he team is running out of time. Bu- 
reaucratic hassles, the challenge of 
lugging 7 tons of equipment onto 
an ice cap that crests 6700 meters 
above sea level, and, now, in the 
waning days of September 2015, 
fierce winds have delayed drilling 
by weeks. High on the western edge 
of the Tibetan Plateau, the hunt for 
what may be the oldest ice on the planet has 
become a race against the elements. 

But with winter fast approaching, the drill- 
ing in the western Kunlun Mountains has at 
last begun. On 26 September 2015, Stanislav 
Kutuzoy, a glaciologist with the Institute of 
Geography of the Russian Academy of Sci- 
ences in Moscow, pulls a canister out of the 
barrel of the 1.5-meter-long corer. Wind- 
blown ice crystals sting his face as he dashes 
into a nearby tent, huffing in the thin air. He 
slides an 11-centimeter-thick ice cylinder out 
of the canister and onto a metal stand. Ex- 
pedition leaders Yao Tandong, director of the 
Institute of Tibetan Plateau Research (ITP) at 
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By Jane Qiu, on Guliya ice cap, China 


the Chinese Academy of Sciences in Beijing, 
and Lonnie Thompson of Ohio State Univer- 
sity, Columbus, coo over the sample as if it 
were a newborn. In faint layers of dust and 
gas bubbles and subtle variations in chemi- 
cals within the ice, the glistening cylinder 
holds part of a record of ancient climate on 
the Tibetan Plateau that could stretch back 
nearly a million years. 

This is not their first delivery at the 
Guliya ice cap. In the early 1990s, Yao and 
Thompson made an astounding find here: 
ice surviving from before the last ice age. 
Until then, the only ice so ancient had come 
from Antarctica or Greenland. But the ice 
cap, a white cape draped over 200 square 
kilometers of the remote Kunlun range that 
in spots is hundreds of meters thick, offered a 
record extending 130,000 years into the past. 
The deepest ice—too old to be reliably dated 
at that time—seemed to be at least half-a- 
million years older, potentially older than 
any other on the planet. 

Since then, Guliya’s allure has only grown. 
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Ice cores collected from every other site on 
the Tibetan Plateau over the past 2 decades 
date back no earlier than the Holocene: the 
epoch since the end of the last ice age that 
spans the last 11,000 years or so. About 8000 
years ago in the early Holocene, when tem- 
peratures were even warmer than today, 
the plateau seems to have been largely ice- 
free. Guliya likely retained its white pate 
during the Holocene warm-up because the 
Westerlies—the same winds that keep Si- 
beria, Russia, an icebox—blow through the 
Kunlun Mountains. Other areas in Tibet are 
dominated by a different weather system, the 
Indian monsoon. 

That accident of preservation may make 
Guliya—which lies at the same latitude as 
Durham, North Carolina, and Memphis, Ten- 
nessee—the best record of midlatitude cli- 
mate during the last ice age. It also may hold 
insights into past and future conditions on the 
Tibetan Plateau. The Guliya ice, Thompson 
says, “may well turn out to be the Rosetta 
Stone we've been looking for to understand” 
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how Asia responds to a changing climate. 

The stakes are enormous. Also known as 
the Third Pole, the Tibetan Plateau contains 
the largest stock of ice outside the Arctic and 
the Antarctic: all told, some 46,000 glaciers. 
The lofty plateau is the engine that drives 
the Indian monsoon and gives rise to major 
rivers like the Indus, the Mekong, and the 
Brahmaputra that are the lifeblood of more 
than 1.4 billion people. “Yet we know less 
about the Third Pole region than any other 
place on Earth,’ Thompson says. A supreme 
challenge of climatology is integrating the 
plateau’s profound effects on Asia into global 
models. “Figuring out the role of this massive 
place and how it’s linked to the global picture 
is critical to understanding our climate sys- 
tem,’ says Kenichi Ueno, a climate scientist 
at University of Tsukuba in Japan. 

China has made the Third Pole a top sci- 
ence priority. In 2012, the government set 
aside $47 million over 5 years for a Tibetan 
Plateau research program led by Yao. That 
support plus Thompson’s backing from the 
U.S. National Science Foundation’s Paleo- 
climate Program gave the duo a chance 
for one more audacious push into Guliya’s 
deep past. Last fall, the two battle-scarred 
veterans of glaciology led a 60-person team 
that retrieved five cores from the ice cap. 
In December 2015, at the American Geo- 
physical Union meeting in San Francisco, 
California, Thompson unveiled preliminary 
results. At Guliya’s summit, the ice is thin; 
the layers near bedrock from three cores 
there are 8000 years old and laced with a 
“tremendous” amount of dust, Thompson 
says. But 10 kilometers away, the team ex- 
tracted a core 310 meters long. New dating 
techniques not available in the early 1990s 
will soon reveal whether the lowest layer is 
the oldest ice ever retrieved on Earth. 

If so, says Ted Scambos, a glaciologist at 
the U.S. National Snow and Ice Data Center 
in Boulder, Colorado, the ice could trans- 
port climatologists back to another world. 
It “would be hugely significant,’ he says. 
“That would tell us what climate was re- 
ally like before there were major ice ages, 
when the [carbon dioxide] level in the at- 
mosphere was high and the ice cover not 
nearly as extensive.” 


WITH AN AREA of 5 million square kilo- 
meters—half the size of the United States— 
and an average elevation of 4000 meters 
above sea level, the “roof of the world” is 
geographically unique. Sunlight beating 
down through the thin air turns the Ti- 
betan Plateau into a gigantic hot plate, 
which causes the air above it to rise, power- 
ing the Indian monsoon. Air rushes in from 
across India, drawing water vapor from the 
tropics and bringing precipitation to the 
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eastern Himalayas and southern and east- 
ern Tibet. On the plateau’s western edge, 
precipitation is swept in by the westerlies, 
the prevailing midlatitude winds driven by 
Earth’s rotation. 

Precession—the slow wobbling of Earth’s 
rotational axis—alters the monsoon over 
thousands of years. Over each 21,000-year 
wobble, the Tibetan Plateau’s position rela- 
tive to the sun shifts, varying how far north 
moisture-laden air penetrates the plateau. 
From 45,000 to 30,000 years ago, the mon- 
soonal rains reached all the way to Siberia. 
“There was a lot of water moving into the 
midlatitudes,’ Thompson says. That turned 
the plateau into grassland dotted with 
lakes. Other climate cycles lasting even lon- 
ger—41,000 years and 100,000 years—also 
shape the monsoon and other features of 
midlatitude climate. Such midlatitude per- 
turbations don’t show up in ice cores from 
the poles. To study them, glaciologists have 
looked to Tibet. 

Thompson and Yao began their glacial 


mesmerized by the beauty of ice and the no- 
tion that glaciers are a time capsule for lost 
worlds. When he visited a glacier for the first 
time in the Qilan Mountains in 1975, he says, 
“Gt was love at first sight.” 

Yao’s first trip to Guliya nearly cost him his 
life. Scoping out the ice cap for drilling sites 
in 1991, he was driving a snowmobile across 
the ice field on a foggy day when he sud- 
denly had a strange feeling. He stopped the 
snowmobile and jumped off: “Just in time,” 
he says. A massive patch of ice collapsed into 
a crevasse right in front of him. Caught in a 
crevasse field, Yao had to gingerly pick his 
way back to camp. Undaunted, he went on to 
lead 18 expeditions in Tibet and insists he’s 
happiest and feels most at home on the lofty 
plateau, when he’s “at the mercy of nature.” 

The year after his near-death experience, 
Yao returned to Guliya with Thompson and 
a drilling team. “It’s a wild part of the world 
now, but it was much wilder back then,’ 
Thompson says. It took nearly a week driving 
on a dirt road across Tibet to reach the ice 


The Third Pole’s icebox 


Located on the western edge of the Tibetan Plateau in China, the Guliya ice cap’s oldest ice may date from 
several hundred thousand years ago—far older than any other glacier sampled in the region. That would make 
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partnership in 1984, when they met on a 
3-month expedition to scope out drilling sites 
in China’s Tian Shan Mountains. Although 
China and the United States had recently re- 
stored diplomatic relations, “there was still a 
lot of suspicion on both sides,” says Yao, then 
a Ph.D. student. But the two bonded while 
talking shop during long hikes. 

Yao had never intended to study ice. In 
1974, after working on a farm during the Cul- 
tural Revolution, he won a place at the pres- 
tigious Peking University in Beijing studying 
physics. But the authorities sent him instead 
to study glaciology at Lanzhou University in 
western China. Bitter at first, Yao became 
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it an unparalleled record of midlatitude climate during the last ice age. 


CHINA. 


field. The team’s modest goal, he says, was “to 
see if we could get a frozen ice core from that 
part of the world.” 

They were richly rewarded for the effort: 
The team recovered a 308-meter core, all the 
way to bedrock, at 6200 meters above sea 
level. They reliably dated the top 266 me- 
ters of the core to a period spanning 130,000 
years, correlating fluctuations in oxygen-18, 
methane, and other chemicals to well-dated 
events in cores from Greenland and Vostok, a 
Russian site in Antarctica. Other features of 
the record were unique. It showed, for exam- 
ple, that from about 34,000 to 23,000 years 
ago, average temperatures in Tibet whip- 
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Yao Tandong and Lonnie Thompson, éminences grises of glaciology, log a section of Guliya’s core. At left, dust speckles the bottom of a core from the glacier’s summit. 


sawed up or down by several degrees Celsius 
in roughly 200-year cycles, likely correspond- 
ing to a 205-year cycle of solar activity. Why 
ice-age temperatures responded so strongly 
to the solar cycle is still a mystery, Thompson 
says. The core also recorded warm periods 
corresponding to 21,000-year methane cycles 
driven by tropical wetlands, which have been 
observed in polar ice cores. 

The final 40 meters or so of the core were 
old beyond reckoning. “The bottom ice was 
chlorine-36 dead,” Thompson says. The 
radioactive isotope—at the time, one of the 
few markers for the age of ice older than 
100,000 years—has a half-life of 300,000 
years. The dearth of chlorine-36 meant that 
the ice “had to be over 750,000 years old,” 
Thompson says. That’s within range of the 
oldest ice sample ever, the 800,000-year- 
old bottom layer of an Antarctic core from 
Dome Concordia. (Antarctica’s ice sheets 
formed millions of years ago, but pressure 
and geothermal heat melt away the oldest 
layers, near the bedrock.) 

Over the last quarter-century, new dating 
techniques using argon isotopes have made 
it feasible to accurately date ice that’s a mil- 
lion years old, or older. That capability got 
Yao and Thompson contemplating another 
assault on Guliya. 


THESE DAYS A MODERN HIGHWAY con- 
nects western Tibet and the capital, Lhasa. 
But getting into Tibet is a sterner challenge 
than ever. Ethnic Tibetan protests against 
Chinese rule in recent years have drawn pe- 
riodic crackdowns that restrict research and 
largely bar foreign researchers from the res- 
tive region. Yao is lobbying to make Tibet 
“a special scientific zone” for international 
collaboration. So far, that’s been a non- 
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starter. The western Kunlun are normally 
off limits even to Chinese tourists. But as a 
measure of ITP’s sway with the authorities, 
Thompson and nine other researchers from 
three other countries were permitted to 
take part in last year’s Guliya expedition. 

For Thompson, the challenge was also 
personal: He had a heart transplant in 2012. 
The highest altitude a heart transplant re- 
cipient had ever reached was 6100 meters, 
“and that was a much younger guy.” At Gu- 
liya’s 6700-meter summit, he says, “the heart 
worked fine. My 67-year-old body was a dif- 
ferent story.” 

Mounting the ice cap was a supreme chal- 
lenge. Three mountaineers operated a pulley 
system that laboriously hoisted the drill rig, 
equipment such as snowmobiles, and sup- 
plies onto the ice sheet. The first core the 
team drilled was a bust: At 72 meters’ depth, 
they hit a crevasse. They moved the drill rig 
a few hundred meters and on their second 
try reached bedrock, 310 meters down. At the 
summit, they drilled three more cores, each 
of which hit bedrock at about 50 meters. To 
keep the cores cold and shield them from the 
elements—especially the sun’s melting rays— 
the team stored them in covered trenches 
they built near the drilling sites. Tibetan por- 
ters then carried sections of core to the base 
camp for storage in freezers. The freezers 
were trucked to ITP’s branch in Lhasa, where 
the cores were cut in half for analyses in Bei- 
jing and in Columbus. 

Back in the labs, the team will analyze 
oxygen isotopes preserved in the ice as a 
proxy for temperatures and monsoon rainfall 
in Tibet over many millennia. They will also 
measure ammonia and nitrate and probe for 
remnants of pollen and bacteria to recon- 
struct ancient ecosystems. “Ice is a wonder- 
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ful recorder of anything that falls into it,” 
Thompson says. And they will date the ice to 
see just how far back their record really goes. 

They will also address a more recent 
puzzle, one that has cropped up consistently 
across the plateau: What happened to other 
glaciers at the beginning of the Holocene? At 
the time, “there was a lot more energy com- 
ing in” to the plateau, Thompson says. His 
theory is that windy, warm, and dry condi- 
tions led to sublimation on an epic scale: 
Most of Tibet’s glaciers simply evaporated 
away. A clue may lie in the dust trapped in 
the bottom layers of the summit cores, which 
appear to have formed soon after the subli- 
mation event. “We need to explain all this 
dust,” Thompson says. 

The ancient glaciers’ disappearance raises 
an unsettling question: How quickly might 
glaciers vanish a second time as the climate 
of Tibet warms past its Holocene maximum? 
Yao and Thompson have already gleaned from 
the new cores that since 1992, Guliya’s ice has 
become more enriched in oxygen’s heaviest 
isotope (oxygen-18), indicating rapid warm- 
ing. That’s consistent with observations that 
the Tibetan Plateau is warming faster than 
the lowlands, and that the warming at higher 
elevations is more pronounced. It would 
also explain why the majority of glaciers in 
the Tibetan Plateau and the Himalayas— 
the water tower of Asia—are receding. 

As midlatitude glaciers disappear, they 
will take with them a vital water source—and 
insights into past climates that could help 
us forecast the future. “A century from now, 
it will be the histories that we were able to 
capture at the turn of the 21st century that 
will be remembered,” Thompson says. Guliya 
may turn out to be the most fascinating paleo 
history of them all. m 
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A CANCER LEGACY 


Once viewed as tragic anomalies, many childhood 
cancers may have their roots in inherited mutations 


By Jennifer Couzin-Frankel Photography by Jeff Haller and Meggan Haller 


wo cancers in a young family: It was 
either horribly bad luck or the tip- 
off to a deeper connection. The story 
unfolded when Michael Walsh, a 
young pediatric oncologist, was 
caring for a boy undergoing a bone 
marrow transplant at St. Jude Chil- 
dren’s Research Hospital in Mem- 
phis, Tennessee. The child wasn’t 
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responding as expected to standard thera- 
pies, suggesting something curious about 
the rare form of leukemia from which he suf- 
fered. Suspicious, Walsh inquired about the 
family’s health history—and was startled to 
learn that the boy’s father had died of brain 
cancer a couple years earlier, at age 31. 
Walsh took a skin biopsy from the child 
and reached out to MD Anderson Cancer 
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Center in Houston, Texas, where the father 
had been hospitalized. There he tracked 
down a stored sample of noncancerous 
tissue from the man’s brain. Sequencing 
DNA in father and son’s normal cells re- 
vealed a defective gene, P53, passed from 
one to the other. Crucial for DNA repair, 
P53 is a familiar villain in cancer. Muta- 
tions in it cause Li-Fraumeni syndrome, 
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After 8-year-old Claudia was diagnosed with a soft 
tissue cancer, her mother Amanda Seymour learned 
that the disease and a family history of thyroid 
problems were tied to a gene mutation. 


which predisposes people to many pedi- 
atric and adult cancers. The boy’s form of 
leukemia, however, was not on that list. 
“Was this driving the cancer the boy had?” 
Walsh, now at Memorial Sloan Kettering 
Cancer Center in New York City, remembers 
wondering. “It certainly smelled like it ... 
[but] we didn’t really know what to think.” 

Hospitals increasingly experi- 
ment with broad DNA sequenc- 
ing of tumor cells, a fishing 
expedition of sorts to try to pin- 
point a cancer’s genetic flaws 
and guide treatment. Until 
recently, however, they rarely 
did the same for DNA in other 
tissues, such as the boy’s skin 
cells, which might reveal cancer- 
causing mutations that the pa- 
tient was born with. There were 
a few reasons: Those mutations 
are exceedingly rare, the think- 
ing went, and it would be easy to 
identify patients whom sequenc- 
ing might help based on their 
form of cancer. 

Those suppositions are slowly 
being called into question—at 
least when it comes to children. 
In the last several years more 
than 2000 youngsters with 
cancer, from infants to young 
adults, have had the DNA in 
their noncancerous cells run 
through sequencing machines. 
The readouts are casting tanta- 
lizing clues across the pediatric 
cancer world, and changing how doctors 
think of the disease. 

Unlike an adult, who may have spent 
decades accumulating genetic abnormali- 
ties and suffering the effects of poor diet, 
smoking, and other environmental factors, 
a 3-year-old with cancer presents a conun- 
drum. “Up until 5 or 6 years ago, many, 
many people thought [such cancers] were 
just mistakes of nature,’ says John Maris, a 
pediatric oncologist at The Children’s Hospi- 
tal of Philadelphia (CHOP) in Pennsylvania. 
Yet others, including Maris, had long sus- 
pected that inherited mutations might play 
a considerable role. Changes in a handful of 
genes, such as P53 and RB, which is linked 
to the eye cancer retinoblastoma, have long 
been considered culprits in rare childhood 
cancers. But for most affected kids, “we just 
didn’t know” which genes might be at work, 
says Will Parsons, who treats brain tumors at 
Texas Children’s Hospital in Houston. 
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A deeper dive into the DNA of young can- 
cer patients is now turning up evidence that 
a sizable subset of childhood cancers might 
be rooted in inherited genes, or mutations 
so soon after conception that they pervade 
every cell—rather than in freak genetic 
events that accumulate after birth and turn 
cells malignant. And the suspect genes are 
not necessarily the expected ones. A gene 
mutation that predisposes men to prostate 
cancer has shown up in a child with a kid- 
ney tumor; defective genes previously as- 
sociated with breast cancer are appearing 


in children with the nerve tissue cancer 
neuroblastoma. These cases and many oth- 
ers suggest that the silos into which cancer 
genes have been neatly organized may not 
be so clear-cut. 

“We've been taught as pediatric onco- 
logists never to test these genes in children 
because they only predispose” to adult can- 
cers, something that’s potentially wrong, 
says Kim Nichols, a pediatric oncologist 
who was recruited from CHOP to St. Jude 
a year ago to lead the hospital’s new cancer 
predisposition clinic. The findings engender 
hope that some cancers, either in children 
who survive their first bout with the dis- 
ease or in their siblings and parents, could 
be prevented or caught early. But they also 
raise complicated questions: about what to 
communicate to families in the midst of a 
health crisis, whether to screen other family 
members for certain mutations, and what to 
do if those relatives share them. 
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ADVANCES IN PEDIATRIC SURVIVAL are 
justly hailed as a shining success in the wider 
“War on Cancer,’ but most of the gains in- 
volve the commonest form of childhood leu- 
kemia and solid tumors that haven’t spread. 
Across many pediatric cancers, survival rates 
have plateaued. “We really need to use new 
technology and new biological insight to im- 
prove the cure rate,’ says Rajen Mody, a pedi- 
atric oncologist at the University of Michigan 
(UM) and C.S. Mott Children’s Hospital in 
Ann Arbor, who often works with families 
whose children are out of options. Like many 


Recuperating at home after cancer treatment, Claudia works on some homework while surrounded by craft supplies. She will 
turn 9 next month, and her younger brothers are being tested for the gene mutation she shares with her mother. 


shifts in medicine, Mody says, the desire to 
sequence normal tissue was born “out of 
frustration, or necessity.” 

There was reason to hope this DNA might 
hold some answers. Anecdotally, doctors of- 
ten see cancer’s tentacles stretching through 
families with affected children. “You recog- 
nize it,’ says David Malkin of The Hospital 
for Sick Children in Toronto, Canada. Malkin 
guesses that about 40% of children in the 
hospital’s cancer clinic have a family history 
suggesting a faulty, inherited gene. A study 
done in the cancer survivor clinic at Cincin- 
nati Children’s Hospital Medical Center in 
Ohio supports that estimate. Detailed family 
histories of 370 youngsters suggested that 
29% of them might have cancers with an 
inherited genetic component. “And I think 
that’s a gross underestimate,” says pediatric 
oncologist Joshua Schiffman, who himself 
survived Hodgkin’s lymphoma as a teenager 
and now works at the University of Utah in 
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Salt Lake City. Many children who inherited 
the most aggressive gene mutations, he says, 
likely died and went uncounted in this sam- 
ple of survivors. 

Mody was among the first to embark on a 
serious hunt for inborn mutations. In 2011 he 
met Arul Chinnaiyan, a UM pathologist who 
was exploring a new approach to sequenc- 
ing in adult cancer patients. Sequencing 
the tumor—itself a relatively new strategy, 
though an increasingly popular one—can’t 
always unveil which mutations the patient 
was born with, because cancer transforms 
a genome into something unrecognizable, 
overflowing with abnormal DNA. Instead, 
Chinnaiyan combined sequencing tumor 
DNA with reading the DNA of normal cells 
in men with prostate cancer, to see 
whether he could learn more about 
their disease. Mody wanted to do the 
same for his young patients. “This 
would be the time,” he told Chinnaiyan. 
“Let’s try this.” 

They recruited 102 youngsters, most 
of them fitting the profile Mody typi- 
cally sees: children and teenagers whose 
cancer has spread and whose disease 
isn’t responding to standard therapy. 
On average they were ten-and-a-half years 
old. At a cost of about $5000 per patient, the 
team sequenced and analyzed the “exome,” 
the DNA that produces proteins, in both tu- 
mors and healthy cells. 

Ten percent of the young participants 
had been born with a mutation in a can- 
cer gene—but sometimes one linked to can- 
cers very different from the child’s disease, 
Mody, Chinnaiyan, and their colleagues 
reported in the Journal of the American 
Medical Association (JAMA) in September 
2015. A 4-year-old with neuroblastoma had 
healthy cells harboring a mutated version 
of BARDI, a gene associated with breast 
cancer; a child with an abdominal mass 
had an abnormal version of MITF, which 
predisposes to melanoma and renal cancer 
in adults. Despite significant uncertainty 
about whether these faulty genes were driv- 
ing the children’s cancers, families were re- 
ferred for genetic counseling and additional 
testing, if they chose. 

A similar crisscrossing of cancer genes 
is showing up in older patients. In Novem- 
ber 2015, a group from Sloan Kettering re- 
ported in JAMA Oncology that 12% to 15% 
of 1566 adult patients with advanced cancer 
had cancer gene mutations in healthy cells. 
Patients with stomach cancer, a neuro- 
endocrine tumor, and a sarcoma had mu- 
tated versions of the breast cancer genes 
BRCAI or BRCA2. An individual with colon 
cancer had a pervasive RET mutation, which 
is normally found in those predisposed to 
thyroid tumors. “There were adults with 
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cancer with mutations in genes that would 
never have been reported and tested” under 
normal circumstances, Nichols says. 

What these unexpected mutations actu- 
ally mean can be unclear. They could be 
flukes, entirely unrelated to the cancer at 
hand. And then there are the children whose 
normal cells have variants of unknown sig- 
nificance in known cancer genes, which may 
or may not have anything to do with their 
disease. “What are we going to say to pa- 
tients about this?” says Stephen Chanock, a 
pediatric oncologist at the National Cancer 
Institute (NCD in Bethesda, Maryland, who 
is sequencing 6000 exomes from childhood 
cancer survivors. One way to learn more is 
by heading back to the lab and testing, in a 


“We've been taught as pediatric 
oncologists never to test these 
genes in children because they only 


predispose” to adult cancers. 
Kim Nichols, St. Jude Children’s Research Hospital 


petri dish or a mouse, whether a particular 
mutation makes cells more vulnerable to the 
patient’s particular cancer. 

Another is to accumulate more examples 
in patients. Because pediatric cancer is 
relatively rare, that can be difficult—but it 
also means that just a few cases can signal 
a link. At CHOP, Maris has found mutated 
versions of BARDI in several children with 
neuroblastoma, two of whom he reported in 
a recent paper. Neuroblastoma is diagnosed 
in only about 700 children in the United 
States each year. “You see this [mutation] in 
four, five, six neuroblastoma patients,’ Maris 
says. Especially when it doesn’t turn up in 
children without cancer, it’s hard to deny a 
connection. “Yeah, I’m pretty convinced.” 


FOR FAMILIES, the knowledge that an in- 
herited mutation could have contributed to 
a child’s cancer can be unnerving. “Initially 
I was like, this is stress I don’t need, there’s 
a feeling of guilt, you start thinking ‘I gave 
this to my child,” says Amanda Seymour, an 
attorney in Biloxi, Mississippi. Last spring, 
while she was trying to wrap her mind 
around her 8-year-old daughter Claudia’s 
diagnosis of rhabdomyosarcoma, a soft tis- 
sue cancer, Seymour found herself sitting 
opposite a genetic counselor at St. Jude. 
Her own family had a history of thyroid 
problems stretching back generations— 
a pattern so striking that they were the 
subject of a scientific paper in the 1980s. 
Seymour herself had had benign thyroid 
growths removed, as had two other siblings, 
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and her older sister, now 44, was diagnosed 
with thyroid cancer at age 3. When com- 
bined with a cousin’s rare kidney disorder 
in early childhood, this left the genetic 
counselor certain of what should happen 
next: Claudia needed to be tested for muta- 
tions in DICERI, which can predispose to 
specific types of benign and malignant tu- 
mors. Claudia’s test came back positive, and 
so, not surprisingly, did Seymour’s. 

Yet a seemingly inherited mutation in a 
child with cancer isn’t always accompanied 
by an arresting family history. In Novem- 
ber 2015, St. Jude reported on a cohort of 
more than 1100 children whose tumor and 
noncancerous cell DNA were sequenced. In 
DNA from their normal cells, 8.5% of chil- 
dren had potentially harmful muta- 
tions in cancer genes. Yet among those 
children, only 40% of those for whom 
a family history was available had 
relatives with cancer. How was that 
possible? 

One explanation is that the mutation 
might be new, having popped up spon- 
taneously when the child was conceived. 
Schiffman suggests another: Doctors 
“do a lousy, lousy job of collecting fam- 
ily history” and may be deaf to alarm bells in 
an extended family. A “ringing message” of 
the new wave of sequencing, Schiffman says, 
is that every single child with cancer needs a 
detailed history taken at diagnosis. 

But family history is also fluid: Over 
time, a sunny family history can flip. “This 
just happened to one of my own patients,” 
says Malkin of Toronto’s Hospital for Sick 
Children. He treated a teenager with ad- 
renal carcinoma, a disease often caused 
in children by inherited mutations. When 
genetic testing came back clean, doctors 
concluded this youngster was an exception. 
Then, 4 years later, the boy’s mother devel- 
oped breast cancer. “She’s young enough 
that one has to believe there’s a connec- 
tion,” Malkin says. DNA diggers were likely 
looking in the wrong place. 

Ultimately, even an impeccable family 
history doesn’t rule out cancer mutations 
lurking in the genome and later causing 
disease. Families are far smaller than they 
used to be, says Sharon Plon, a medical ge- 
neticist at Texas Children’s, which means 
that a mutation with, say, a 30% chance of 
causing cancer might never have a chance 
to bare its teeth twice in a single family. 


ABOUT 3 YEARS AGO, Plon teamed up with 
Parsons, the brain cancer physician, and 
they began reaching out to Texas Children’s 
families 2 months after their children were 
diagnosed with a solid tumor. As part of a 
research study called BASIC3, each child 
was offered sequencing of both tumor and 
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nontumor DNA. Then 
Plon and Parsons went a 
step further: In addition 
to studying the patients 
and families, they enrolled 
their doctors, probing how 
the oncologists felt about 
returning sometimes con- 
fusing or difficult genetic 
results. 

The doctors and genetic 
counselors are sharing not 
only cancer-predisposing 
mutations that might or 
might not have fueled that 
child’s illness. They are also 
offering up genetic find- 
ings unrelated to cancer 
if treatment or monitor- 
ing can help—for exam- 
ple, mutations that cause 
the life-threatening heart 
condition long QT syn- 
drome or familial hyper- 
cholesterolemia. (They do 
not return results when 
there is no way to act 
on them. No 8-year-old 
is finding out whether 
she’s at elevated risk of 
Alzheimer’s disease, for 
example.) Families also 
learn whether their child 
has so-called “variants of 
unknown significance” in 


Crisscross biology 


Genetic sequencing is showing that the normal cells of some kids with cancer harbor gene 
mutations with known links to different adult cancers. Scientists are trying to understand 
whether these gene changes could explain the kids’ cancers or are largely or entirely 


unrelated to a child's disease. 


1-year-old boys. If one or 
both test positive, St. Jude 
would recommend regular 
screening, including chest 
x-rays and kidney and 
thyroid ultrasounds that 


Like all mutations, those in 
cancer genes are passed from 
parent to child, or sometimes 
occur spontaneously right 
after conception. 
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might catch tumors early. 
Right now many _ in- 
herited mutations in pe- 
diatric cancer patients 
are identified because of 
a suspicious family his- 
tory like Claudia’s, or as 
part of broader research 
efforts like Plon’s. Plon, 
for one, isn’t quite ready 
to go beyond that and of- 
fer full DNA sequencing 
of noncancerous tissue to 
every child with cancer 
who walks into her hospi- 
tal, but other centers are 
moving in that direction 
to varying degrees. They 
include St. Jude, UM, The 
Hospital for Sick Children, 
and Intermountain Pri- 
mary Children’s Hospital 
in Salt Lake City, where 
Schiffman, the lymphoma 
survivor, works. He had his 
own genome sequenced as 
part of a research study; 
many variants of unknown 
significance cropped up, 


Breast, 


cancer genes, as most do. varia 


Parsons was struck by 
how easy it was to recruit 
the participants, who now 
include roughly 250 pa- 
tients. “Our families will 
agree to just about any- 
thing,” he says. That sometimes worries 
him, as he wants to be sure these parents, 
already facing a devastating blow, grasp 
what might come next for the affected son 
or daughter and the rest of the family. The 
findings can mean recommending genetic 
testing on siblings, full-body MRIs for par- 
ents, or a lifetime of surveillance of the ail- 
ing child, because those who survive one 
cancer may have a high chance of develop- 
ing another. 

Yet parents whose child has cancer may 
view genetic information through an alto- 
gether different lens than would a healthy— 
and potentially wary—adult. “Yeah, sure, 
you're going to have some anxiety, and yeah, 
sure, you're going to learn some things that 
you may not really want to know,” one par- 
ent shared, in a paper the group published 
in September 2015 on the ethics of whole- 
exome sequencing in these children. “But I 
just—I couldn’t live with myself if we were 
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in the same situation in 2 years and I had a 
chance to at least know about it.” 

In the disorienting time after Claudia’s 
diagnosis of rhabdomyosarcoma, Seymour’s 
emotions mirrored those of the families in 
the Houston study. With her rising third- 
grader enduring major surgery and months 
of chemotherapy, “my counselor would tell 
you I literally ran from her,’ she says. Ge- 
netic counseling, with any abstract future 
wotries it might highlight, sank to the bot- 
tom of her priority list. 

But as weeks passed, Seymour’s mindset 
evolved. Claudia completed treatment in 
November 2015. She continues to recuper- 
ate at home, where she is a “craft maniac,” 
making soaps, snow globes, lip balm, and 
lava lamps thanks to YouTube instructional 
videos. Seymour, meanwhile, says she de- 
cided to “stop thinking of it as, “‘There’s noth- 
ing they can do.” She is waiting on DICERI 
results for her two younger children, 6- and 
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at least some new findings 

about the inborn risks of 
cancer will eventually lead to better treat- 
ments: Already one drug is approved for 
women with advanced ovarian cancer who 
carry BRCA mutations. To try to speed the 
science along, an NCI-funded study called 
Pediatric MATCH plans to start rolling out 
across more than 190 U.S. centers. It will of- 
fer tumor and nontumor DNA sequencing 
to children with cancer, aiming to identify 
molecularly guided therapies, and poten- 
tially families who might benefit from ge- 
netic testing and surveillance. 

Right now, however, the new biology can 
generate electrifying connections and in- 
form a family, but without saving the life 
that helped spawn that knowledge. The link 
Walsh discovered between a P53 mutation 
and his young patient’s leukemia advanced 
understanding of that disease but didn’t 
help the child. The boy died when he was 
11 years old. His two siblings tested negative 
for mutations in P53. & 
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Life on the edge 


Stories of hardship and resilience take center stage in a 
probing portrait of the world’s largest refugee camp 


By Michaela Hynie 


illions of refugees have fled the 
conflict in Syria since 2010. But 
the urgency of the situation only 
captured the full attention of the 
media, governments, and the pub- 
lic once refugees began entering 
Europe in large numbers in 2015. Yet, even 
as our attention finally shifts to refugees 
fleeing Syria, it shifts further away from 
the hundreds of thousands who continue 
to struggle for existence in semipermanent 
encampments around the world. Our ap- 
parent indifference toward the suffering 
of those displaced by global political ac- 
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tions is a core theme of City of Thorns, Ben 
Rawlence’s book about the Dadaab refugee 
camps in Kenya, the world’s largest and old- 
est refugee settlement. 

Established in 1991-1992 in response to 
the civil war in Somalia, the Dadaab refugee 
complex was designed to temporarily house 
90,000 people. But starvation and violence 
drove thousands more into the camps. The 
officially registered population in Dadaab— 
now five camps—is approximately 350,000 
(J), although Rawlence notes counts of over 
600,000. While new residents continue to 
arrive, people born in the camps are now 
having children of their own, producing a 
third generation of refugees raised by par- 
ents who have known no other life and have 
nowhere else to go. 

The central government of Somalia fell in 
a civil war in 1991. The subsequent years saw 


Published by AAAS 


intense fighting between clans, followed by 
a brief respite with the rise of the Islamic 
Courts Union (ICU), a group of Sharia courts 
that united for the purpose of restoring or- 
der to the country. In 2007, the Ethiopian 
army overthrew the ICU and installed the 
Transitional Federal Government, backed by 
the United Nations, the African Union, and 
the United States. 

Al-Shabaab—the most extreme faction 
within the ICU—emerged from this con- 
flict. Today, al-Shabaab continues fighting 
against African Union peacekeeping forces 
in Somalia, supporting itself with grain and 
livestock taken as taxes and with young men 
and boys taken as soldiers. The years follow- 
ing 2007 were marked not only by violence 
but also by recurrent drought, which made 
al-Shabaab more desperate in its actions. 

Rawlence, a journalist and a former Hu- 
man Rights Watch researcher, spent 3 years 
working in Dadaab, building relationships 
with the residents. In City of Thorns, he 
skillfully describes camp life, as well as the 
underlying history and politics, through the 
interwoven stories of individual residents. 
In doing so, he succeeds in making the un- 
certainty, poverty, hunger, and powerless- 
ness experienced by the refugees concrete, 
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Hundreds of thousands of people now reside in the Dadaab refugee camps, which were founded in 1992 as a temporary encampment for individuals fleeing Somalia’s civil 
war. More arrive each day, displaced by continued violence that has been exacerbated by prolonged drought in the surrounding regions. 


immediate, and moving. The men’s stories 
are perhaps richer, as would be expected 
given limits on cross-gender interactions in 
the camp setting, but Rawlence makes an ef- 
fort to include the voices of women as well. 
Although refugees cannot legally work 
in Kenya, the camps have a robust infor- 
mal economy. There is a dense and busy 
market, with work for a lucky few. Nisho, 
a young man born en route to 
Dadaab in 1991, labors as a por-_ | 
ter distributing food but sees his “shun "" 
income dwindle with the fluctu- 


— 


Those adept at navigating the world of 
nongovernmental organizations find leader- 
ship opportunities, especially as responsibil- 
ity for camp activities shifts to residents with 
the withdrawal of aid workers. A handful are 
offered permanent resettlement, with priority 
to those who are most vulnerable. Muna and 
Monday, a Somali-Sudanese couple whose 
mixed-ethnicity marriage enrages Muna’s So- 

mali relatives to the point of vio- 

a lence, are among these lucky few. 
Over the course of the book, the 
violence both within and outside 
the camps escalates. Al-Shabaab’s 


E WoRtns 
ER CAM 


ating price of sugar. Hunger is TH OR 

a constant concern. Some resi- on ned attacks within Dadaab lead to the 
dents—like Professor White Eyes, ane withdrawal of aid agencies and a 
who came to the camp with his be devastating loss of medical ser- 
grandmother at the age of 4 or vices. Attacks elsewhere in Kenya 
5—manage to establish successful & lead to arrests and harassment 
businesses. Others, like Kheyro, a City of Thorns of Somali residents in Nairobi. 
young woman who arrived at the _\jne Lives in the The Kenyan government declares 
age of 2, find jobs as “incentive — World's Largest its intention to close the Dadaab 
workers” with aid organizations, Refugee Camp camps because of fears that they 
where they are paid a fraction Ben Rawlence are a site of recruitment for al- 


of the salaries made by their 


Kenyan co-workers. 400 pp. 


SCIENCE sciencemag.org 


Picador, 2016. 


Shabaab. Food rations within the 
camp steadily decrease, linked to 
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scandals associated with the World Food 
Program. Corruption surrounding the trade 
and transportation of sugar destroys the 
economy within the camps. 

What dominates City of Thorns is how 
little control residents have over their cir- 
cumstances, how few options are open to 
them, and how vulnerable they are to the 
actions of others. Rawlence is scathing in 
describing corrupt systems that prey on 
vulnerable people, and the indifference of 
aid agencies and workers and world leaders 
who fail to intervene, except to protect their 
own interests. 

In the end, Rawlence succeeds in clearly 
describing the complex geopolitical factors 
that created and sustain the Dadaab camps 
and in bringing our attention back to those 
whose lives have seemed not to matter. 
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Avian 
supergenes 


Genetic data reveal how 
two complex bird mating 
systems evolved 


By Scott Taylor’? and Leonardo Campagna!” 


s the extravagant displays of birds of 
paradise remind us, many birds go to 
great lengths to pass their genes on 
to the next generation. Recent papers 
explore the genetic basis of the repro- 
ductive strategies in two bird species: 
the ruff (Philomachus pugnax) (1, 2) and the 
white-throated sparrow (Zonotrichia albicol- 
lis) (3). In each species, striking variation 
in both plumage and behavior is controlled 
in concert via the inheritance of coadapted 
gene complexes (supergenes) in large chro- 
mosomal inversions. The similar ways in 
which these independently evolved super- 
genes influence morphology and behavior 
elucidate how complex phenotypes evolve 
and are maintained. 
Supergenes are two or more linked genes 
that are inherited together. They can play an 
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important role in generating biological diver- 
sity in taxa ranging from plants to humans. 
The mimetic wing patterns of butterflies are 
a particularly well-documented example of 
how supergenes can underlie complex ad- 
aptations (4). However, knowledge of the 
genetic architecture of supergenes remains 
limited, and the molecular mechanisms by 
which they can generate complex pheno- 
types are unclear. The recent studies of the 
ruff (1, 2) and the white-throated sparrow (3) 
provide critical advances to our understand- 
ing of these aspects of supergenes. 

Reduced recombination within super- 
genes is central to their evolution, allowing 
multiple genes to be inherited as a single 
linked unit and setting the stage for their 
coevolution. Inversions, chromosomal re- 
arrangements where large portions of the 
DNA molecule are flipped, suppress local 
recombination (5). Perhaps not surprisingly, 
inversions harbor supergene complexes (4) 
in groups that now include the ruff and the 
white-throated sparrow (J—3). In each of 
these bird species, individuals can exhibit 
strikingly different plumage and behavior 
that we can now link to genomic variation. 

The ruff is a lek-breeding wading bird in 
wetlands of northern Eurasia (6). Male ruffs 
occur as one of three morphs, each with a 
distinct breeding strategy and appearance 
(see the photo). Independent males (80 to 
95% of the population) are dominant hold- 
ers of display sites, with diverse patterns of 
ornamented dark plumage. Satellite males 
(5 to 20%) are also ornamented, but with 
white plumage. They do not defend display 
sites, but rather visit the leks of indepen- 
dent males, where they assist with female 
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Lekking ruffs. From left to right, a female, an 
independent male, and a satellite male ruff. A third 

type of male ruff closely resembles the female. Recent 
research has shed light on the genetic underpinnings of 
the ruff's complex reproductive strategies (J, 2). 


attraction and attempt to “steal” copula- 
tions. Faeder males (<1%) mimic females 
in their plumage and smaller size and also 
steal copulations. 

As Kipper et al. (1) and Lamichhaney et 
al. (2) now show, these three reproductive 
behaviors and associated phenotypes are de- 
termined by a ~4.5 Mb inversion located on 
an autosome (see the figure). Independent 
males carry two copies of the ancestral, non- 
inverted chromosome: They do not possess 
either ruff supergene. Satellites and faeders 
have different supergenes: They each carry 
one ancestral haplotype and one morph-spe- 
cific version of the supergene. Females carry- 
ing either version of the supergene can also 
be identified by size or from their behavioral 
response to testosterone implantation (1). 

The white-throated sparrow is a com- 
mon North American bird with two equally 
abundant color morphs: white-striped and 
tan-striped. White males invest in secur- 
ing mates at the expense of parental care, 
whereas tan males are monogamous and 
help to look after their young (7). A similar 
trade-off is also seen in females. The two 
morphs are controlled by the presence of 
an inversion that harbors a large, ~100 Mb 
supergene, roughly 10% of the genome (3, 8, 
9), and Tuttle et al. (3) have disentangled its 
evolutionary origin. White birds carry one 
copy of the supergene and one noninverted 
form, whereas tan birds only carry the non- 
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inverted form (see the figure). White birds of 
either sex nearly always mate with tan birds 
of the opposite sex. 

Although the supergenes of white- 
throated sparrows and ruffs are both an- 
cient, they have different origins. The ruff 
supergenes arose from rearrangements in 
the ruff genome. The faeder supergene ap- 
pears to have arisen ~3.8 million years ago 
via an inversion of the ancestral chromo- 
some. The satellite supergene may be a 
product of rare recombination between the 
ancestral ruff chromosome and the faeder 
supergene that took place ~0.5 million years 
ago (2). In contrast, in white-throated spar- 
rows, Tuttle et al.’s phylogenomic analyses 
indicate that the supergene predates the ex- 
istence of that species and may be the prod- 
uct of introgression via hybridization with a 
now extinct relative (3). 

In other taxa, supergenes and their poten- 
tially adaptive gene complexes have spread 
via hybridization (4), but the relative im- 
portance of hybridization versus intraspe- 


Ruff (Philomachus pugnax) 


Independent 


Supergene Supergene 
Ancestral (~100 genes) (~100 genes) 
Dark plumage Light plumage Female plumage 
Territorial Not territorial Not territorial 


Satellite 


the precise mechanism remains unknown 
(3). Why do the supergenes persist despite 
these fitness costs? The answer is that each 
mating system allows alternative reproduc- 
tive strategies to coexist as balanced poly- 
morphisms. Satellite and faeder ruffs are 
hypothesized to have fitness advantages that 
maintain these morphs at low frequencies 
(1, 2). Polymorphism in sparrows persists via 
their mating pattern (white nearly always 
mates with tan, producing both tan and 
white offspring) and similar fitness benefits 
to either mating strategy (3). 

Although the ruff and sparrow supergene 
variants can each be unambiguously linked 
to morph-specific traits, moving past this 
general association will be challenging. Each 
supergene region contains from 100 (ruff) to 
over 1000 (white-throated sparrow) genes, 
all of which are highly differentiated from 
their respective noninverted haplotypes (— 
3). The divergent alleles on the supergenes 
could drive differentiation between morphs, 
yet there is evidence that the supergenes are 


Faeder 


Tan morph 


oxo) 


High parental care 
Infrequent song displays 
Disassortative mating 


cases, loci involved in the response to sex 
hormones and plumage pigmentation exist 
in the supergene and likely act in concert 
to produce the alternative mating strategies 
and their associated behaviors and morphol- 
ogies. In two closely related crow species, 
another putative inversion-generated super- 
gene also contains genes involved in pigmen- 
tation and hormonal regulation (11). This 
mechanism is different from that seen in the 
rhinoceros beetle (Trypoxylus dichotomus), 
where differential sensitivity to growth hor- 
mones based on a single signaling gene has 
been proposed as a molecular mechanism by 
which ornaments and weapons can grow to 
exaggerated proportions (72). 

Considered in concert, the findings in ruff 
and white-throated sparrow highlight the 
importance of supergenes in the generation 
of complex phenotypes. They provide insight 
into the varied ways in which supergenes can 
be generated and maintained and begin to ex- 
pose their genetic architecture. These recent 
studies provide a link between genotype and 


White-throated sparrow (Zonotrichia albicollis) 


White morph 
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The genetic architecture of two avian mating systems. The presence of inversion-generated supergenes determines morphological and behavioral traits in ruffs and white- 
throated sparrows. The ruff supergenes harbor close to 100 genes; the white-throated sparrow supergene is much larger, with over 1000 genes. 


cific chromosomal rearrangements for the 
generation of supergenes is not known. The 
recent studies (J-3) show that supergenes 
with similarly complex influences on mor- 
phology and behavior can arise in both ways. 
It remains to be shown whether supergenes 
tend to be the product of within-species pro- 
cesses, or are more often co-opted from other 
species via introgressive hybridization. 

In both birds, there are fitness conse- 
quences associated with possessing the 
supergene, yet the polymorphisms appear 
demographically stable. The ruff super- 
genes are lethal when either sex has a copy 
on each chromosome (1), whereas the spar- 
row supergene only appears to be lethal 
when males have a copy on each chromo- 
some (3). In ruffs, the inversion interrupts a 
gene essential for mitosis (/, 2); in sparrows, 
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degrading (J—3), as is the case for the mam- 
malian Y and avian W sex chromosomes (10). 

Typically, experimental crosses can be 
used to tease apart regions of the genome 
involved in generating a trait. However, the 
lack of recombination within supergenes 
makes this an unfeasible approach. Now 
that the genes within the ruff and white- 
throated sparrow supergenes are known and 
the genomic resources for these nonmodel 
organisms have been generated, the rela- 
tive influence of different genes in each su- 
pergene can be explored with targeted gene 
expression analyses and genome-editing 
technology. 

The broad overlap in the function of the 
genes within the ruff and sparrow super- 
genes provides a hint as to how their com- 
plex phenotypes could be generated. In both 
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phenotype, a long-standing goal in evolution- 
ary biology research. Supergenes may have 
an underappreciated role in the generation 
of biodiversity, one that we are now poised 
to more fully appreciate and understand. & 
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How ecosystems change 


Conservation planning must accommodate changes 
in ecosystem composition to protect biodiversity 


By Anne E. Magurran 


uman impacts on the planet, includ- 

ing anthropogenic climate change, 

are reshaping ecosystems in unprec- 

edented ways. To meet the challenge 

of conserving biodiversity in this 

rapidly changing world, we must 
understand how ecological assemblages 
respond to novel conditions (1). However, 
species in ecosystems are not fixed entities, 
even without human-induced change. All 
ecosystems experience natural turnover in 
species presence and abundance. Taking ac- 
count of this baseline turnover in conserva- 
tion planning could play an important role 
in protecting biodiversity. 

More than 150 years ago, Darwin ob- 
served that taxa “favoured by any slight 
change of climate” will increase in numbers, 
whereas other, less-favored species “must 
decrease” (2). In these few words, Darwin 
touches on two ideas key to understanding 
the fate of ecosystems. On the one hand, he 
suggests that the number of individuals and 
species in an ecosystem will tend toward 
some equilibrium level. On the other, there 
is constant turnover in the identities and 
abundances of species in any locality. Dar- 
win’s views were probably shaped by per- 
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sonal experience: In Western Europe, the 
1850s were unusually cold. But they provide 
a context for understanding the fate of eco- 
logical communities at a time when climate 
change is remodeling the natural world at a 
pace that exceeds historical levels. 
Darwin’s proposition that ecological 
communities track fluctuations in climate 
is supported by time series collected over 
decades to reveal how rapidly ecosystems 
change. For instance, Barcel6 et al. recently 
reported that the fish species now pres- 
ent in the near-shore assemblage of the 
Skagerrak to the south of Norway differ 
from those caught during a colder period 
in the 1960s and 1970s (3). The current 
community composition is more similar 
to that seen during a warmer phase in the 
1930s and 1940s. These community shifts 
arise because species adjust their ranges 
in response to temperature (4), with cold- 
favoring fish moving south in colder years 
and warm-favoring ones extending north 
in warmer years. Total species richness 
increases in the Skagerrak during warmer 
phases and declines during cooler ones. 
Barcel6 et al. saw no systematic trend over 
the duration of the eight-decade time series 
(2). However, the recent appearance of pre- 
viously unrecorded species such as the Eu- 
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ropean anchovy (Engraulis encrasicolus), 
European pilchard (Sardina pilchardus), 
and tub gurnard (Trigla lucerna) reinforces 
the idea that even if the species richness of 
an assemblage does not change, its compo- 
sition can shift markedly (see the figure). 

Great strides have been made in mod- 
eling vulnerability to climate change on a 
species-by-species basis (5), but it is also 
important to understand how entire com- 
munities respond to novel conditions (6). 
Ecological communities reorganize over 
time as a result of changes in both o di- 
versity (such as a change in species rich- 
ness) and B diversity (change, or turnover, 
in species composition). Human actions in 
the form of land use change and pollution 
can drive down the number of species in 
local assemblages (7). However, in many 
communities, such as the Skagerrak, aver- 
age species richness has remained constant 
over recent decades (3, 8-10). Indeed, as 
Darwin suggested (2), ecological processes 
may help to regulate local diversity (11), 
and seemingly unvarying richness can 
mask substantial change in community 
structure (72). Temporal « diversity is thus 
not always an informative gauge of the 
severity of human impacts on the natural 
world (see the figure). 

In contrast, investigations of temporal B 
diversity suggest that community reorgani- 
zation is occurring at rates that exceed his- 
torical baseline turnover (/, 8). For instance, 
the 66 freshwater fish found in the rivers of 
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the islands of Trinidad and Tobago (see the 
photo) include six introduced species (13). 
Local extinctions offset these gains, but the 
presence of exotic species alongside natu- 
ral colonists means that the contemporary 
turnover rate has approximately doubled 
relative to the historical level. 

Invasive species are a prominent feature 
of many assemblages and have contributed 
to greater biotic homogenization at both 
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Beyond baseline turnover. The Caroni River system 
in Trinidad supports a rich fish fauna, including the 
introduced tetra, Copella arnoldi (13). Today's species 
turnover rate in the rivers of Trinidad and Tobago is 
roughly double that seen historically. 


local and regional scales. Communities 
are increasingly dominated by the same 
cosmopolitan species, rather as shopping 
districts around the world have become 
populated by familiar brands. For example, 
the common carp (Cyprinus carpio) and 
goldfish (Carassius auratus), species that 
originated in Asia, now inhabit freshwa- 
ters in 48 and 42 U.S. states, respectively 
(14). Further, groundfish assemblages of 
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Toward managing biodiversity change. (A and B) A regional assemblage at two time points. The taxa observed in 
the sampled assemblage (white rectangle) change over time as a result of local and regional species loss. These losses 
may be offset by gains due to range shifts and introductions of exotic species. In this example, there is no change in 
diversity (such as species richness) (C), even though there are substantial changes in assemblage composition (D). 
Amajor challenge in conservation planning is managing turnover that exceeds baseline turnover, arising from human 


impacts such as invasive species and climate change. 
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the Northeast Atlantic have become pro- 
gressively more similar in species composi- 
tion over the past three decades (72). Thus, 
biotic homogenization may also be linked 
to climate change. The homogenization of 
Northeast Atlantic fish communities paral- 
lels an evening-out of water temperature (a 
consequence of ocean warming) over the 
same period. 

Conservation is sometimes regarded as 
synonymous with preservation. Yet para- 
doxically, to protect biodiversity, conser- 
vation managers will increasingly need 
to accommodate species turnover in their 
planning. A first step is to report changes 
both in abundance of individual species 
and in species composition. Identifying 
which taxa are native to a locality or biome 
and which are new to it will be crucial in- 
formation, both to support native taxa and 
to ameliorate the impact of invasive ones. 
More data on contemporary rates of turn- 
over, relative to baseline rates, would be 
invaluable. 

Scale is also important. Day-to-day con- 
servation management often occurs at a lo- 
cal scale, but conservation strategy needs 
to be enacted at an appropriate scale to 
accommodate changes in species distribu- 
tions. Further, managed change can sup- 
port conservation. In Europe, rewilding 
takes advantage of farmland abandon- 
ment and is contributing to the recovery of 
megafauna (15). 

Finally, we have little understanding of 
how changes in composition will affect eco- 
system function (J). However, new insights 
into how different species respond to warm- 
ing will help to provide early warning of ac- 
celerated turnover in ecosystems (6). It will 
also be important to investigate evolutionary 
change alongside ecological change (2). ™ 
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How can higher-yield farming 
help to spare nature? 


Mechanisms to link yield increases with conservation 


By Ben Phalan,* Rhys E. Green,” 

Lynn V. Dicks,! Graziela Dotta,’ Claire 
Feniuk,! Anthony Lamb,! Bernardo B. N. 
Strassburg,*° David R. Williams,’ Erasmus 
K. H. J. zu Ermgassen,' Andrew Balmford' 


xpansion of land area used for agricul- 

ture is a leading cause of biodiversity 

loss and greenhouse gas emissions, 

particularly in the tropics. One poten- 

tial way to reduce these impacts is to 

increase food production per unit area 
(yield) on existing farmland, so as to mini- 
mize farmland area and to spare land for 
habitat conservation or restora- 
tion. There is now widespread 
evidence that such a strategy 
could benefit a large proportion of wild spe- 
cies, provided that spared land is conserved 
as natural habitat (7). However, the scope for 
yield growth to spare land by lowering food 
prices and, hence, incentives for clearance 
(“passive” land sparing) can be undermined 
if lower prices stimulate demand and if 
higher yields raise profits, encouraging agri- 
cultural expansion and increasing the oppor- 
tunity cost of conservation (2, 3). We offer a 
first description of four categories of “active” 
land-sparing mechanisms that could over- 
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come these rebound effects by linking yield 
increases with habitat protection or restora- 
tion (table S1). The effectiveness, limitations, 
and potential for unintended consequences 
of these mechanisms have yet to be system- 
atically tested, but in each case, we describe 
real-world interventions that illustrate how 
intentional links between yield increases and 
land sparing might be developed. 


FOUR LINKING MECHANISMS. Land-use 
zoning. Zoning some land for conservation 
and some for agriculture limits agricultural 
expansion, provides security to landholders 
investing in agricultural productivity, and 
can incentivize yield increases to compensate 
for the scarcity of available land [“Boseru- 
pian innovation” (4)]. However, zoning does 
not drive yield increases in agricultural zones 
directly. Hence, there is a risk of its leading 
to displacement of production outside the 
regions subject to zoning. Such “leakage” 
might be less likely where zoning restrictions 
are placed on the expansion of export com- 
modities for which demand shows high price 
elasticity, rather than on staple foods (2). 

In Costa Rica, after the government zoned 
forests as off-limits for agricultural expansion, 
the rate of clearance of mature forests halved 
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A herder with sheep, cattle, and donkeys in the Spiti 
Valley in India. Village communities have spared land 
for snow leopards, while improving livestock yields. 


(5). Export-oriented agriculture shifted from 
cattle pasture toward high-yielding pine- 
apple and banana crop, (for fuller informa- 
tion and references for this and other case 
studies, see supplementary materials (SM). 
Beef production declined, albeit temporarily, 
whereas production of pineapples and other 
crops has continued to increase. The risk of 
leakage could be reduced by prioritizing less- 
productive land for conservation to minimize 
loss of production and by combining zoning 
with other interventions (6). 

Economic instruments, such as payments, 
land taxes, and subsidies. In principle, these 
can be tailored to stimulate yield increases, 
discourage habitat conversion, and make re- 
ceipt of benefits conditional on habitat con- 
servation. Incentive programs often involve 
contracts, and difficulties can arise through 
hidden actions and information asymme- 
tries. For example, recipients might conceal 
breaches of contract or accept money for ac- 
tions they would have carried out anyway. 
These risks can be reduced by building trust, 
understanding the people and places where 
interventions occur, developing cost-effective 
monitoring, and enforcing contracts. 

An incentive program that has success- 
fully spared land has been implemented in 
the Spiti Valley of Himalayan India (7). In 
exchange for designating land set-asides for 
the recovery of snow leopard prey, herders 
receive payments and technical assistance 
to reduce livestock losses to snow leopards 
(improving yield) and to organize insurance 
against losses. The program, which was de- 
veloped collaboratively with herders and lo- 
cal government to ensure that it addresses 
local priorities, reduced snow leopard pre- 
dation of livestock by two-thirds in its first 4 
years and eliminated snow leopard killings. 

Spatially strategic deployment of technol- 
ogy, infrastructure, or agronomic knowledge. 
Land sparing can be encouraged if yield- 
enhancing measures (such as technical ad- 
vice on soil, nutrient, or water management; 
improved germplasm; multiple cropping; 
integrated pest and disease control; and im- 
proved access to roads or irrigation) are in- 
tentionally directed toward certain areas and 
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not others. Such interventions could enhance 
yields and reduce postharvest losses in es- 
tablished farmlands, while avoiding the risks 
involved in stimulating agriculture in areas 
of extensive natural habitat (8). Increasing 
yields of staple crops, for which demand is 
inelastic to price changes, appears more 
likely to support land sparing than increas- 
ing yields of luxury or export crops (2). A 
limitation of strategic deployment is that it 
encourages yield increases directly but only 
protects natural habitats indirectly, by reduc- 
ing pressure for conversion. It will often be 
necessary to combine this mechanism with 
others, especially land-use zoning. A key chal- 
lenge is to ensure that benefits and costs are 
not unfairly distributed. 

In the Philippine province of Palawan, in- 
troduction of irrigation helped lowland rice 
farmers produce two crops per year rather 
than one (9). They met their higher labor 


“efforts to reduce habitat 
loss must do so while 
safeguarding the interests of 
smallholders...” 


demands by employing upland farmers, 
who used part of their new-found income 
to invest in fertilizers, which improved their 
own yields and reduced their need to clear 
forests. Deforestation rates in the uplands 
halved. Larger and poorer households were 
those most likely to benefit. Nevertheless, 
addressing social justice remains practically 
and ethically complex, is often hampered by 
unequal power relations and may often re- 
quire additional measures, such as increas- 
ing nonagricultural job opportunities for 
marginalized groups. 

Standards and certification. Voluntary 
standards could link yield growth to con- 
servation by requiring habitat protection, 
defining sustainable yield-increasing prac- 
tices, monitoring compliance, and reward- 
ing good performance with market access 
and price premiums. Sparing or restoring 
natural habitats at farm scale can be more 
beneficial for biodiversity than certifying 
lower-yielding “wildlife-friendly” practices 
(10). To maximize their contribution to 
landscape-level conservation, certification 
schemes should widen their focus from in- 
dividual farms to coordinated actions by 
groups of farmers in places where potential 
conservation gains are greatest. 

Participating farmers in the Ibis rice 
scheme in northern Cambodia receive tech- 
nical assistance and a price premium, which 
makes it easier to afford simple technology 


SCIENCE sciencemag.org 


and additional labor (77). At the same time, 
they agree to a village-level land-use plan 
that protects habitats. These agreements are 
maintained in part by social pressure: A ma- 
jor infraction would put everyone's benefits 
at risk. Together with other initiatives, the 
scheme has reduced deforestation and in- 
creased rice harvests. It illustrates one way of 
making landscape conservation relevant and 
feasible for individual farmers. 


CONDITIONS AND SYNERGIES. Some con- 
ditions make successful implementation of 
land-sparing mechanisms more likely. Labor- 
and capital-intensive technologies and prac- 
tices are those most likely to be conducive to 
land sparing (8). Knowledge networks can 
also help improve implementation of sustain- 
ability standards or payment schemes (12). 
For example, thousands of Landcare groups 
in Australia share knowledge on accessing 
funds, conserving habitats, and improving ag- 
ricultural techniques. Landcare participants 
are more likely to protect and restore native 
vegetation and to adopt practices that sustain 
agricultural yields (13). Markets also matter. 
For commodities with globalized markets 
and elastic demand, limiting rebound effects 
through demand-side measures and restric- 
tions on land use will be crucial. In the case 
of staples grown by smallholders, supporting 
them to increase their yields (and thereby, 
limit leakage) might be more appropriate. 
Each mechanism is most likely to be effec- 
tive if implemented in synergy with others, so 
that strong protection is provided to habitats 
and adequate support is provided to farm- 
ers to increase their yields. Command-and- 
control zoning policies will more likely be 
accepted as legitimate if accompanied by in- 
centives, improved access to technology and 
infrastructure, and knowledge-sharing (/4). 
Because of the risk of rebound effects, stra- 
tegic deployment will often have to be inte- 
grated with mechanisms, such as zoning, that 
apply over large areas. Environmental and 
agricultural policies need to be coordinated 
to work in synergy rather than in conflict. 
Brazil provides an example of how mul- 
tiple policy interventions can work together. 
Natural habitats are conserved through sev- 
eral instruments including protected areas, 
indigenous reserves, and Forest Code require- 
ments on private lands (/5). Government- 
subsidized loans are provided to farmers to 
increase productivity on degraded pasture- 
land. Partly due to these initiatives, and de- 
spite widespread noncompliance with the 
Forest Code, deforestation in the Brazilian 
Amazon declined steeply after 2004, whereas 
agricultural production continued to grow. 
Whether these trends can be sustained 
and replicated elsewhere will depend largely 
on the political will to deliver strong envi- 
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ronmental governance. There is a risk that 
environmental regulations will be corrupted 
or diluted by powerful special interests, as 
happened in Europe with the Common Agri- 
cultural Policy (16). Further efforts to reduce 
habitat loss must do so while safeguarding 
the interests of smallholders, as agricultural 
credit programs in Brazil seek to do by sup- 
porting family farms. In many parts of the 
world, higher yields have eroded not only on- 
farm biodiversity but also water, soil, and air 
quality. Much remains to be done to reduce 
these impacts by applying improved agro- 
nomic and agroecological knowledge (/7). 

Harnessing the potential of higher-yield 
farming to make space for nature at scales 
that matter will not be straightforward, but 
the examples described here illustrate that 
it can be done. The challenge is to move on 
from thinking about higher yields simply as 
a means to produce more food and to use 
them to free up land for conserving biodi- 
versity and ecosystem services. Reconciling 
agriculture and conservation is one of this 
century’s greatest challenges. We hope that 
by describing some promising solutions, we 
can stimulate the proposal, testing, and ap- 
plication of many more. & 
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MICROBIOME 


Prescription drugs obscure 
microbiome analyses 


Patient populations should be stratified for medications 
when looking for gut microbial signatures of disease 


By Suzanne Devkota 


Ithough observations linking mem- 

bers of the gut microbiome to human 

disease have been plentiful, some are 

fraught with complex and confound- 

ing variables, emphasizing the need 

for vetting such associations with 
greater computational and mechanistic 
rigor. A recent study by Forslund et al. (1) 
adds another dimension for consideration by 
illustrating how medications may adversely 
affect the microbiome—an interaction often 
overlooked in post hoc analyses of disease- 
microbe relationships. 

Focusing on type 2 diabetes, Forslund e¢ al. 
used new and existing gut metagenomic data 
sets from 199 patients with type 2 diabetes 
and 554 nondiabetic controls from Danish 
(2), Swedish (3), and Chinese cohorts (4) to 
examine whether stratifying for metformin 
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Disease population 


treatment, the most commonly prescribed 
antidiabetic drug, affected whether microbial 
signatures of disease were still apparent. The 
studies from which most of these data sets 
were derived could distinguish diabetic from 
nondiabetic patients based on such microbial 
signatures. However, Forslund e¢ al. cite the 
lack of drug stratification as a potential con- 
founder. When the patients with type 2 dia- 
betes were stratified based on whether they 
were taking metformin or not, the microbial 
signatures between untreated patients with 
type 2 diabetes and nondiabetic controls 
were diminished, whereas the metformin- 
treated patients could be reliably predicted. 
These results suggest that either metformin 
treatment may be a bigger driver of the ob- 
served microbial differences than type 2 dia- 
betes status itself, or that those individuals 
whose disease is adequately controlled by 
metformin alone define a unique subset of 
type 2 diabetes—an idea yet unexplored. 
Indeed, there is increasing evidence that 
medications can profoundly affect micro- 
bial gene expression (5), and likewise, that 


Drug response 


the microbiota can transform drugs, affect- 
ing their bioavailability (6). In this context, 
however, metformin is intriguing because its 
mode of action—suppression of liver glucose 
production—is known, yet the mechanism by 
which this is carried out is unclear and open 
to testing. Studies in mice suggest microbial 
mediation of the drug’s antihyperglycemic 
effects (7). However, the drug is excreted 
largely intact in the urine with no known me- 
tabolites, essentially excluding the possibility 
of transformation of the drug by the bacteria. 

Although Forslund et al. do not examine 
the mechanism by which metformin appears 
to affect the microbiome, they do make a 
testable observation that untreated patients 
with type 2 diabetes have a decrease in ben- 
eficial butyrate-producing bacteria, which is 
reversed with metformin treatment. This is 
consistent with their findings that metformin 
increases the functional potential for short- 
chain fatty acid production, specifically bu- 
tyrate and propionate. The authors, in turn, 
hypothesize that short-chain fatty acids al- 
ter intestinal glucose production, previously 
shown in rats (8), which may favorably affect 
liver glucose production and overall glyce- 
mic regulation. When controlling for gender, 
body mass index, and fasting blood glucose or 
insulin concentration, metformin treatment 
was further associated with increases in Esch- 
erichia spp. (except in the Chinese cohort) 
and a decrease in Jntestinibacter. Although 
the relevance of this interplay is unclear, 
this may be a case of competitive exclusion 
whereby metformin is somehow creating a 
favorable environment for the Escherichia 


“Microbial” signature (?) 
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Microbial signatures. For a disease such as type 2 diabetes, patients should be stratified based on medications to reveal drug-microbe interactions. 
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spp. to thrive where /ntestinibacter cannot, or 
by directly compromising the integrity of the 
microbe. Evidence for the latter can be found 
in a pharmaco-materials study whereby met- 
formin attached to gold nanoparticles had the 
highest antibacterial and bactericidal activity 
against pathogens by compromising the cell 
wall when compared to other nonantibiotic 
drugs (9). 

Interestingly, a cohort that was missing 
from the Forslund e¢ al. study, and that would 
lend insight into the above observations, 
is the 30% of patients with type 2 diabetes 
who cannot tolerate metformin due to gas- 
trointestinal distress. This common side ef- 
fect often prevents patients from taking what 
is otherwise a relatively safe, effective, and 
inexpensive drug. Understanding whether 
these individuals have a distinct microbiome 
signature of their own that predisposes them 
to the unpleasant side effects creates an op- 
portunity to alter the offending microbes 
through diet or other means, such that met- 
formin becomes a viable treatment option. 
Within the existing metformin-treated cohort 
in the Forslund e¢ al. study, the authors sug- 
gest that microbial genes encoding virulence 
factors and involved in gas production are 
enriched. However, the associations are un- 
clear, as the implication for inclusion in this 
cohort is that these individuals are tolerant 
to the drug. Furthermore, metformin is of- 
ten prescribed in combination with another 
antidiabetic drug, and it remains unclear 
whether the stratification also accounted for 
combination therapy. 

Overall, Forslund et al. make a strong case 
for the importance of stratifying for any ubiq- 
uitously prescribed drug in a disease of inter- 
est when looking for microbial signatures (see 
the figure). For prospective studies, exclusion 
criteria aim to identify such confounding 
factors and exclude them in the first place. 
However, for most diseases, it is rare to find 
enough patients who have not undergone 
treatment to sufficiently power a study; nor 
is it ethical to take a patient off a drug that 
is controlling a disease for the purpose of 
a study. Therefore, we are left with the less 
than ideal option of keeping careful patient 
records and stratifying post hoc. However, 
what this study truly underscores is the need 
for more investigation into drug-microbiome 
interactions and the mechanisms therein. & 
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CANCER 


Tracking the origins 
of tumorigenesis 


A zebrafish model allows visualization of embryonic 
reprogramming during melanoma initiation 


By Soufiane Boumahdi' and 
Cédric Blanpain!” 


ancer arises through mutations that 
transform normal cells into cells that 
proliferate in an uncontrolled man- 
ner, form a tumor, invade the under- 
lying tissue, and then metastasize 
to distant organs (7). Although the 
genetic events required to induce tumor 
formation are relatively well known (2), 
the additional early downstream molecu- 
lar events that are required to reprogram 
normal cells into cancer cells are still poorly 
understood. On page 464 of this issue, 
Kaufman et al. report the development of 
an elegant transgenic reporter system that 
allows the early steps of tumor initiation to 
be tracked in situ. They find that oncogene- 
expressing melanocytes are reprogrammed 
into neural crest-like progenitors before 
progressing into invasive tumors (3). 
Melanomas arise from the transformation 
of melanocytes, pigment-producing cells, 
which are derived from neural crest progeni- 
tors (NCPs) during embryonic development 
(4). Melanoma formation is associated with 
mutations in BRAF, N-RAS, and other on- 
cogenes or tumor suppressor genes (5). In 
zebrafish, melanocytes are responsible for 
the pigmented stripes located on the scales 
of the fish. Transgenic overexpression in 
fish melanocytes of a mutated form of BRAF 
[with the mutation Val®° — Glu (V600E), 
the most frequent driver mutation in human 
melanoma] induced the formation of benign 
nevi, mole-like features; the concomitant 
deletion of p53 promoted the progression 
of these nevi into malignant melanomas (6). 
Even though all melanocytes expressed the 
BRAF’° oncogene and were deficient for 
p53, very few eventually formed melano- 
mas, indicating that other mechanisms be- 
sides BRAF”“ and p53 loss of function are 
needed for tumor initiation. 
To better elucidate these mechanisms, 
Kaufman et al. generated transgenic ze- 
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brafish to visualize and characterize the 
early steps of melanoma formation in situ. 
They engineered fish expressing a crestin- 
GFP (green fluorescent protein) reporter 
gene, which faithfully recapitulates crestin 
expression during embryogenesis and in 
melanomas (7). Crestin-GFP is invariably 
expressed, prior to the malignant transition, 
in all lesions that will eventually progress 
into invasive tumors; this suggests that cres- 
tin-GFP marks a point of no return during 


“.crestin-GFP marks a 
point of no return during 
tumorigenesis...” 


tumorigenesis and represents one of the 
earliest molecular states associated with 
tumor initiation. The survival and propa- 
gation of crestin-GFP-expressing cells after 
transplantation in the scales of BRAF'®°£/ 
p53" fish further supports the idea that 
these early crestin-GFP* patches are already 
tumorigenic. The reexpression of markers of 
embryonic NCP cells during melanoma ini- 
tiation supports the notion that oncogene- 
expressing cells progressing into invasive 
tumors are reprogrammed into a state that 
resembles their embryonic progenitor coun- 
terpart. The embryonic reprogramming 
of adult stem cells during tumor initiation 
was previously reported during initiation of 
basal cell carcinoma, the most frequent can- 
cer in humans (8). 

The authors identified a 296-base pair 
minimal promoter/enhancer element that 
regulates crestin-GFP transgene _ expres- 
sion during embryonic development and 
melanoma formation. This element contains 
binding sites for multiple transcription fac- 
tors, including Sox10, Pax3, Mitf, and Tfap2, 
that regulate NCP specification and differen- 
tiation (9). Mutations in these transcription 
factor binding sites decreased the specificity 
of crestin-GFP transgene expression during 
embryogenesis, supporting the notion that 
Sox10 together with Mitf and Tfap2 control 
crestin-GFP expression during melanocyte 
development. It will be important to assess 
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Zebrafish in development 


Melanocytes form characteristic stripes. During development, neural crest progenitors 
and melanoblasts express crestin, whereas mature melanocytes do not. 
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Super-enhancer (SE) activation in NCP genes contributes to the 
reprogramming of oncogene-targeted adult melanocytes into a NCP-like 
state. The melanocytes that reexpress crestin, in addition to other NCP 
genes, progress into invasive melanoma. 
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Reprogrammed to be transformed. During zebrafish embryonic development, NCPs express crestin, marked by crestin-GFP (green), which is regulated by specific transcription 
factors; NCPs then migrate and give rise to melanocytes (gray), which down-regulate crestin expression. In the BRAF “°°/p53 zebrafish, among the oncogene-expressing 
melanocytes, only a few reexpress crestin-GFP and will invariably progress to invasive melanoma. Super-enhancers (SE) associated with key neural crest genes are activated during 
the reprogramming of oncogene-targeted melanocytes into a NCP-like state. 


whether the same set of transcription fac- 
tors and enhancer regions controls crestin- 
GFP during melanoma initiation. Microarray 
analysis of early crestin-GFP* patches, com- 
pared to adjacent crestin-GFP’ scales, showed 
an enrichment for NCPs (Mitf, Soxl0) and 
melanoma-expressed genes. Bioinformatic 
analysis of the genes overexpressed in cres- 
tin-GFP* cells during melanoma initiation 
revealed a positive correlation with zebraf- 
ish and human neural crest gene signatures, 
strengthening the notion that key elements 
of the NCP state reemerge at the time of mel- 
anoma initiation. 

Sox10 is a transcription factor essential 
for melanocyte development (4) and a key 
regulator of melanoma formation (JO, 11). 
Kaufman et al. showed that Sox10 overex- 
pression in melanocytes increased crestin- 
GFP reporter expression and accelerated 
melanoma onset, suggesting that Soxl0 
overexpression promotes the establishment 
of a NCP state and melanoma formation. 
In contrast, mutating Soxl0 by means of 
CRISPR/Cas9 gene editing resulted in a 
delay in tumor onset. Moreover, in the tu- 
mors that developed, Sox10-targeted alleles 
were strongly enriched for noninactivating 
mutations, suggesting that Sox10 activity is 
necessary for melanoma initiation. By com- 
bining transcriptional, chromatin, and epi- 
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genetic profiling, the authors propose that 
super-enhancer elements associated with 
neural crest genes, including crestin and 
Soxl0, are active in crestin-GFP-marked 
preneoplastic lesions and are likely to 
contribute to the reprogramming of onco- 
gene-targeted melanocytes into a NCP fate 
during melanoma formation. 

Defining more precisely the early steps 
of tumor initiation and why only some on- 
cogene-targeted cells eventually progress 
into invasive cancer, whereas others do 
not, is critical for our basic understanding 
of tumorigenesis and for cancer preven- 
tion and treatment. The reprogramming of 
oncogene-targeted cells into embryonic-like 
progenitors is potentially amenable to drug 
targeting. For example, blocking Wnt signal- 
ing during basal cell carcinoma initiation 
completely prevents embryonic reprogram- 
ming and skin tumorigenesis (8). Genetic, 
transcriptional, and epigenetic profiling of 
tumor cells isolated by fluorescence-acti- 
vated cell sorting at different stages of tu- 
mor initiation will be important to define 
more precisely how oncogene-targeted me- 
lanocytes develop into invasive tumors. For 
example, tumor-initiating cells may need to 
accumulate further somatic mutations or 
other chromosomal abnormalities to prog- 
ress. Because Sox10 is already expressed in 
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melanocytes and benign nevi, although at 
lower levels (72), it will be important to de- 
fine the other transcription factors, epigen- 
etic regulators, or signaling pathways that 
are essential for tumor initiation. The com- 
petence of melanocytes to be reprogrammed 
and to initiate tumorigenesis could either 
be a stochastic process or be predefined by 
the fate of the cells initially targeted. In- 
deed, stem cells might be more easily repro- 
grammed than progenitors or differentiated 
cells. We also need to know whether the un- 
derlying microenvironment of the oncogene- 
targeted cells influences tumor initiation. 
Crestin is unique to zebrafish, raising the 
question of whether there is an equivalent 
marker of NCP and early melanoma-initiat- 
ing cells in mice and humans. & 
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INSIGHTS 


Edited by Jennifer Sills 


A necrogenomic 
registry’s potential 


THE REDUCED COST and increased capacity 
of next-generation sequencing technologies 
have substantially increased the numbers of 
DNA variants identified per test. However, 
many of these variants are of unknown 
significance or are incidental findings (J). 
The lack of an evidence base hinders the 
translation of genetic findings into disease 
prevention and rational treatment choice. 
Furthermore, many population groups have 
not been adequately assessed genetically, 
which means that normal genetic variation 
within these groups is unknown, especially 
with respect to disease manifestation and 
drug metabolism. 

We advocate the creation of a nation- 
wide necrogenomic registry, recording the 
genomic sequences of all Danish citizens 
and residents at the time of their death. 
Danish law would allow these data to be 
linked to the Danish Civil Registration 
System, which registers medical history as 
well as socioeconomic information for all 
citizens and residents (2). The clinical and 
genomic data of 50,000 Danes (3) could be 
linked each year. With the combined data 
records, researchers could assess the pheno- 
type/genotype association for many diseases 
that commonly affect the Danish popula- 
tion, enabling large genetic epidemiological 
studies. 

Studies based on the necrogenomics 
database could provide strong evidence of 
genetic association, identify potential drug 
targets, and inform treatment modali- 
ties. The database would also provide the 
evidence necessary to adequately evaluate 
the clinical risk associated with incidental 
findings. Furthermore, a family physician, 
with the consent of the treated or advised 
patient, could request genetic findings found 
in deceased family members. This informa- 
tion could enable the patient to choose early 
and preventative treatment, thus avoid- 
ing premature death, serious disability, or 
adverse drug reactions. The release of such 
findings should follow the recommendations 
of the American College of Medical Genetics 
to ensure that the information provided is 
actionable (4). 

There would be many ethical challenges. 
To address consent, an “opt-out” possibil- 
ity similar to organ donation procedures 
in Denmark might allow individuals with 
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reservations to exclude themselves from 
sampling upon their death. Anonymization, 
access, protection of minors and others 
who cannot decide for themselves would 
also be crucial. Defining the cultural, legal, 
and ethical framework of the necrogenom- 
ics registry will require public debate and 
detailed discussions in ethics committees 
and the political arena. Only once strict legal 
and ethical standards are in place can the 
advantages of necrogenomics be fully real- 
ized. In Denmark, a necrogenomics registry 
can be handled within the framework of our 
laws on biobanking, but laws in other coun- 
tries may differ. If properly administered, 
necrogenomics will provide the predictive 
power necessary to offset the current lack 
of evidence that plagues genetic testing for 
many disorders. 

Paula L. Hedley'* and Michael 

Christiansen’? 


1Department for Congenital Disorders, Statens Serum 
Institut, 2300, Copenhagen, Denmark. Department 
of Biomedical Sciences, University of Copenhagen, 
1165, Copenhagen, Denmark. 


*Corresponding author. E-mail: phy@ssi.dk 


REFERENCES 


1. R.D.Aatre, S.M. Day, Circ. Cardiovasc. Genet. 4,81(2011). 

2. C.B.Pedersen,H. Gotzsche, J. 0. Moller, P.B. Mortensen, 
Dan. Med. Bull. 53,441 (2006). 

3. Statistics Denmark, Deaths and Life Expectancy 
(Statistics Denmark, 2015), vol. 2015. 

4. R.C.Greenetal., Genet. Med. 15,565 (2013). 


Construction on the Belo Monte dam in Brazil. 


Published by AAAS 


Tropical dams: To 
build or not to build? 


IN THEIR POLICY Forum “Balancing 
hydropower and biodiversity in the 
Amazon, Congo, and Mekong” (8 January, 
p. 128), K. O. Winemiller and colleagues 
present a much-needed window on 
biodiversity impacts of tropical dams. 
They conclude that “without more careful 
planning,” impacts will include species 
extinctions and losses of fisheries and 
ecosystem services. It needs to be made 
clear that the most important change 
required is a fundamental reform of how 
decisions are made on whether or not to 
build dams, not the planning of how dams 
are designed, sited, or managed. 

“CV Jalidation of technologies intended 
to mitigate environmental impacts” or 
improved “design parameters” from bet- 
ter environmental impact assessments 
(EIAs) pale in comparison with the initial 
decision: to build or not to build a dam. 
No amount of adjustment would prevent 
enormous impacts from a dam like Belo 
Monte in Brazil—impacts that far exceed 
what was considered in the EIA, let alone 
what was considered when the decision to 
build the dam was made long before the 
EIA existed (J). 

Winemiller et al. state that the dam 
projects they discuss “address important 
energy needs” and that their suggestions 
for better dam planning would “ensure 
that societal objectives for energy produc- 
tion are met.” The assumption that these 
dams are needed is questionable from 
the standpoint of societies in the three 
cases presented: the Congo, Mekong, and 
Amazon basins. The Democratic Republic 
of Congo’s Grand Inga Dam is primar- 
ily to export electricity to South Africa 
(2, 3); mainstream Mekong dams will 
destroy livelihoods in Laos and Cambodia 
to export electricity to Thailand and 
Vietnam (4); and Amazon dams will feed 
Brazil’s “National Interconnected System,” 
which has many lower-impact options for 
providing the benefits of electric power. 
Brazilian society’s interests are poorly 
served by exporting electricity in the form 
of aluminum, because smelting consumes 
vast amounts of energy while creating 
little employment: The environmental 
and social impacts of the dams that power 
the smelters stay in Brazil, whereas the 
benefits are exported (5). Brazil has mas- 
sive potential to reduce inefficiencies in 
electricity transmission, distribution, and 
use and to tap wind and solar sources (6). 

Weinmiller et al. state that “at least 334 
new Amazon dams have been proposed.” 


sciencemag.org SCIENCE 


PHOTO: © PHIL CLARKE HILL/IN PICTURES/CORBIS 


Downloaded from on January 31, 2016 


One cannot simply treat this as inevitable 
and limit suggestions to a better choice of 
sites to locate these dams and to improv- 
ing their design and management. It is 
essential to face the issue of whether such 
a massive dam-building plan should exist 
in the first place. 

Philip M. Fearnside 
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Comment on “Worldwide evidence 

of a unimodal relationship between 
productivity and plant species 
richness” 

Andrew T. Tredennick, Peter B. Adler, 
James B. Grace, W. Stanley Harpole, 
Elizabeth T. Borer, Eric W. Seabloom, T. 
Michael Anderson, Jonathan D. Bakker, 
LoriA. Biederman, Cynthia S. Brown, 
Yvonne M. Buckley, Cheng jin Chu, 
Scott L. Collins, Michael J. Crawley, 
Philip A. Fay, Jennifer Firn, Daniel S. 
Gruner, Nicole Hagenah, Yann Hautier, 
Andy Hector, Helmut Hillebrand, 

Kevin Kirkman, Johannes M. H. Knops, 
Ramesh Laungani, Eric M. Lind, Andrew 
S. MacDougall, Rebecca L. McCulley, 
Charles E. Mitchell, Joslin L Moore, John 
W. Morgan, John L. Orrock, Pablo L. 
Peri, Suzanne M. Prober, Anita C. Risch, 
Martin Schiitz, Karina L. Speziale, 
Rachel J. Standish, Lauren L. Sullivan, 
Glenda M. Wardle, Ryan J. Williams, 
Louie H. Yang 

Fraser et al. (Reports, 17 July 2015, p. 302) 
report a unimodal relationship between 
productivity and species richness at 
regional and global scales, which they 
contrast with the results of Adler ez al. 
(Reports, 23 September 2011, p. 1750). 
However, both data sets, when analyzed 
correctly, show clearly and consistently 
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ONLINE BUZZ 


Tenure’s tenure 


n her 11 December 2015 Editorial, “Whither (wither?) tenure?” (p. 1295), Editor- 
in-Chief Marcia McNutt questions whether tenure is still relevant and proposes 
replacing it with a 10-year rolling contract system, which she suggests would 
benefit women and discourage unproductive faculty. Excerpts of your com- 
ments are below. Read the full comments at http://comments.sciencemag.org/ 


content/10.1126/science.aad9966. 


A selection of your thoughts: 


...[A]djunct teaching faculty are most widely used at cash-strapped public univer- 
sities and colleges.... Eliminating tenure will have little impact on the financial 


constraints faced by universities... 


Roger Albin 


Tenure is very important in my field.... Academic freedom that only tenure can 
provide is critical for the protection of scientists... 


George Leikauf 


...Without tenure, professors would be under enormous pressure to make peda- 
gogical and assessment/grading decisions that “keep the students happy.” This 
would...erode the quality of our educational systems.... 


Loren Byrne 


...en-year contracts do not increase family security or promote women employ- 
ment.... The true problem is the large number of newly minted Ph.D.s.... 


John Smith 


..lenure can become a burden to [large research] universities...required to support 
faculty who have no real purpose if they don’t have grant funding. That is not the 


case for...nonscience disciplines... 


David Martin 


...Wouldn’t it be better to argue that we need to consider how tenure is awarded so 


all can profit from the freedom it brings...? 


Toby Walsh 


I’m partial to the idea of a “rolling” contract that is renewed every year for some 
span of time (say 10 years) unless the institution decides not to renew. ...That 

way tenure does not turn into employment for life doing anything an individual 
desires, but the individual’s predilections are not at the mercy of the short-term 


whims of administrators... 


that productivity is a poor predictor of 
local species richness. 

Full text at http://dx.doi.org/10.1126/science. 
aad6236 


Response to Comment on “Worldwide 
evidence of a unimodal relationship 
between productivity and plant species 
richness” 

Jason Pither, Lauchlan H. Fraser, Anke 
Jentsch, Marcelo Sternberg, Martin 

Zobel, James Cahill, Carl Beierkuhnlein, 
Sdndor Bartha, Jonathan A. Bennett, 
Bazartseren Boldgiv, Leslie R. Brown, 
Marcelo Cabido, Giandiego Campetella, 
Cameron N. Carlyle, Stefano Chelli, Anna 
Maria Csergé, Sandra Diaz, Lucas Enrico, 
David Ensing, Alessandra Fidelis, Heath 
W. Garris, Hugh A. L. Henry, Maria Hohn, 


Published by AAAS 


Warren Gallin 


John Klironomos, Kadri Koorem, Rachael 
Lawrence-Lodge, Peter Manning, Randall 
J. Mitchell, Mari Moora, Valério D. Pillar, 
Gisela C. Stotz, Shu-ichi Sugiyama, 
Szilard Szentes, Radnaakhand Tungalag, 
Sainbileg Undrakhbold, Camilla 
Wellstein, Talita Zupo 

Tredennick et al. criticize one of our 
statistical analyses and emphasize the low 
explanatory power of models 

relating productivity to diversity. These 
criticisms do not detract from our key 
findings, including evidence consistent 
with the unimodal constraint relationship 
predicted by the humped-back model and 
evidence of scale sensitivities in the form 
and strength of the relationship. 

Full text at http://dx.doi.org/10.1126/science. 
aad8019 
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Comment on “Worldwide evidence of a 
unimodal relationship between 
productivity and plant species richness” 


Andrew T. Tredennick,'*+ Peter B. Adler,'+ James B. Grace,”+ W. Stanley Harpole,*+ 
Elizabeth T. Borer,*} Eric W. Seabloom,*} T. Michael Anderson,” Jonathan D. Bakker,°® 
Lori A. Biederman,’ Cynthia S. Brown,® Yvonne M. Buckley,® Chengjin Chu,’° Scott L. Collins,” 
Michael J. Crawley,” Philip A. Fay,” Jennifer Firn,’* Daniel S. Gruner,” Nicole Hagenah,*° 
Yann Hautier,’” Andy Hector,!* Helmut Hillebrand,’® Kevin Kirkman,’° 

Johannes M. H. Knops,”° Ramesh Laungani,™ Eric M. Lind,* Andrew S. MacDougall,”” 
Rebecca L. McCulley,”* Charles E. Mitchell,”* Joslin L Moore,”” John W. Morgan,”® 
John L. Orrock,”’ Pablo L. Peri,”* Suzanne M. Prober,”® Anita C. Risch,®° 

Martin Schiitz,®° Karina L. Speziale,®' Rachel J. Standish,” Lauren L. Sullivan,* 
Glenda M. Wardle,®? Ryan J. Williams,** Louie H. Yang?” 


Fraser et al. (Reports, 17 July 2015, p. 302) report a unimodal relationship between 
productivity and species richness at regional and global scales, which they contrast with 
the results of Adler et al. (Reports, 23 September 2011, p. 1750). However, both data sets, 
when analyzed correctly, show clearly and consistently that productivity is a poor predictor 


of local species richness. 


raser et al. (1) collected a worldwide data 

set to examine the relationship between 

productivity and species richness at global 

and local scales. They present their results 

as a direct contrast with the results of 
Adler et al. (2). However, their presentation 
obscures substantial areas of agreement, and 
where results between the two studies do differ, 
problems in Fraser et al.’s statistical analysis 
amplify the apparent differences. 

The most important area of agreement is the 
low explanatory power of the “humped-back 
model” (HBM), in which species richness peaks 
at intermediate productivity and declines at low 
and high productivity. Fraser et al. fit a bivariate 
relationship between productivity and diversity 
that accounts for less than 1% of the observed 
variation in species richness in their data (Table 1, 
marginal R’s for the Fraser et al. data set). The 
same is true for an analysis of the Adler et al. 
data set using a generalized linear mixed model 
(GLMM) with a block nested within-site random- 
effects structure (Table 1, marginal R’s for the 
Adler et al. data set). Thus, the analyses in both 
Adler et al. and Fraser et al. demonstrate that 
productivity is an uninformative predictor of 
richness for most grasslands. A combined anal- 
ysis using both data sets yields similar results 
(Table 1). 

A second point of agreement is the difficulty 
of inferring process from bivariate patterns. The 
HBM can arise through a wide array of mech- 
anisms (3, #4), meaning that the detection of a 
unimodal pattern does not provide evidence for 
any particular mechanism. 
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Adler et al. argued, “[e]cologists should focus 
on fresh, mechanistic approaches to understand- 
ing the multivariate links between productivity 
and richness” (2). Fraser et al. also concluded 
“more work is needed to determine the under- 
lying causal mechanisms that drive the uni- 
modal pattern” and called for “additional efforts 
to understand the multivariate drivers of species 
richness.” 

The key disagreement between Fraser et al. 
and Adler et al. concerns the statistical signifi- 
cance of the quadratic term that determines the 
downward concavity of the richness productivity 
relationship. Adler et al. found little evidence for 
a concave-down relationship at the site scale (2% 
of 48 sites) [figure 2 in (2)] and at the global 
scale reported a significant effect but noted that 
it was sensitive to choices about which sites to 
include in the analysis [figure 3 in (2)]. In con- 
trast, Fraser et al. found that 68% of 28 site-level 
relationships were significantly concave-down 
[figure 2A in (J)], and in a global extent regres- 
sion, across all sites, the negative quadratic term 
had a significant, and robust, P value. However, 
their analysis at the site level is flawed, and the 
presentation of the global regression in their 
main figure is misleading. 

The site-level regressions reported by Fraser 
et al. and displayed in their figure 2A do not in- 
clude the proper random-effects structure. An im- 
portant feature of the Fraser et al. design was 
explicitly selecting areas (ie., grids) to sample 
across productivity gradients within sites, whereas 
Adler et al. located blocks of plots randomly with 
respect to local productivity gradients. To properly 


reflect their sampling design, in which each “grid” 
of quadrats was located at one point along the 
within-site productivity gradient, each site-level 
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Table 1. Results from global-extent GLMMs for both data sets. Results from regressions with and without a quadratic effect of productivity on species richness 
across all sites. Both models include a random-effects structure of grid nested within site (Fraser et al.) or block nested within site (Adler et a/.). Marginal and 
conditional R* values estimated using (7, 8). For the combined analysis, we use the same grid (or block) nested within-site random-effects structure and also 


include a “study” random effect. 


Data set Model type 


Fraser et al. 


Marginal R2 
(variance explained by 
fixed effects) 


0.00007 


Conditional R2 
(variance explained by 
fixed + random effects) 


Root mean square 
error (in units of 
species number) 


Fraser et al. Quadratic 


A 
Adler et al. Quadratic 
© 
Combined Quadratic 


Fig. 1. Species richness as a function of bio- 
mass production at the site level (colored lines) 
and at the global extent (heavy black line). These 
regressions are the same as presented by Fraser 
et al. except that we included a grid random effect 
for the site-level regressions, and we show the 
proper global extent regression line from a GLMM 
with grid nested within site. Nonsignificant regres- 
sion fits are not plotted. 


regression requires a random effect of “grid” to 
account for the inherent correlation among plots 
nested within a sampling grid. We reran the anal- 
ysis of Fraser et al. with the grid random effect 
included (5), except for one site (6). When the 
proper statistical model is used, we find that only 
29% of 28 site-level regressions are significantly 
concave-down (Fig. 1). 

Fraser et al. correctly account for their sampling 
design at the global extent by using a GLMM with 
grid nested within site, as reported in their table 1. 
However, in their figure 2A, they plot the much 
more compelling fit from the statistical model 
without the random effects. Although still sig- 
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nificant (P < 0.0001), the valid relationship is 
much weaker than the relationship presented by 
Fraser et al. (Fig. 1, heavy black line, and Table 1). 

Despite Fraser et al’s assertion that their 
results are diametrically opposed to those pres- 
ented in Adler et al., the degree of concordance 
is impressive. In both data sets, the variance ex- 
plained by the addition of a quadratic term is 
virtually indistinguishable from that of a linear 
model (Table 1). In fact, in both data sets the ran- 
dom effects of site and grid (block for Adler et ai.) 
explain much more of the variation in species 
richness than productivity, the supposed mech- 
anistic driver of species richness (Table 1). Further- 


more, with the appropriate statistical treatment, 
the main difference in our results—the strength of 
evidence for a significant quadratic term—appears 
smaller. 

A continued focus on this bivariate relation- 
ship hinders progress toward understanding the 
underlying multivariate causal relationship (4) 
and the development of truly predictive models. 
It is time to focus on effect sizes and variance 
explained rather than just P values. The title of 
Adler et al.’s paper, “Productivity is a poor pre- 
dictor of plant species richness,” would be a 
perfectly appropriate title for the Fraser et al. 
paper, too. 
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6. There are four sites, out of 28, that have only two grids. In only 
one case did this result in inadequate fits of the GLMM model 
with a “grid” random effect. We therefore fit that one site with a 
generalized linear model with no random effects. 

7. S. Nakagawa, H. Schielzeth, Methods Ecol. Evol. 4, 133-142 (2013). 

8. J. Lefcheck, R-squared for generalized linear mixed-effects 
models (2014); https://github.com/jslefche/rsquared.gimm 
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Response to Comment on “Worldwide 
evidence of a unimodal relationship 
between productivity and plant 


species richness” 


Jason Pither,'* Lauchlan H. Fraser,” Anke Jentsch,” Marcelo Sternberg,* Martin Zobel,” 
James Cahill,® Carl Beierkuhnlein,’ Sandor Bartha,®? Jonathan A. Bennett,**® 
Bazartseren Boldgiv,’° Leslie R. Brown,” Marcelo Cabido,’” Giandiego Campetella,’® 
Cameron N. Carlyle,!* Stefano Chelli,’? Anna Maria Csergé,’” Sandra Diaz,1° 

Lucas Enrico,’* David Ensing,’’ Alessandra Fidelis,'* Heath W. Garris,” 

Hugh A. L. Henry,’? Maria Hohn,”° John Klironomos,’ Kadri Koorem,” 

Rachael Lawrence-Lodge,”’ Peter Manning,”” Randall J. Mitchell,”* Mari Moora,” 
Valério D. Pillar,”* Gisela C. Stotz,° Shu-ichi Sugiyama,” Szilard Szentes,”° 
Radnaakhand Tungalag,’° Sainbileg Undrakhbold, Camilla Wellstein,”’ Talita Zupo’® 


Tredennick et al. criticize one of our statistical analyses and emphasize the low explanatory 
power of models relating productivity to diversity. These criticisms do not detract from our 
key findings, including evidence consistent with the unimodal constraint relationship 
predicted by the humped-back model and evidence of scale sensitivities in the form and 


strength of the relationship. 


redennick et al. (1), among them many 

contributors to the original Adler et al. 

study (2), argue that our findings (3) align 

closely with those of Adler et a. once their 

criticisms (described below) are addressed. 
This is not the case. Tredennick et al. fail to 
acknowledge key findings of ours that remain 
at odds with those of Adler et al., including (i) a 
significantly concave-down, global-extent relation- 
ship between productivity and richness; (ii) a sig- 
nificantly concave-down, global-extent quantile 
regression, consistent with the constraint predic- 
tion of the humped-back model (HBM); and 
Gii) our finding that patterns consistent with the 
HBM appear more evident when a broad range 
of productivity is sampled. 

Tredennick et al. present three main criticisms 
of our study: (i) the analyses of the within-site 
productivity-diversity relationship should have 
included sample “grid” as a random effect, there- 
by accounting for our nested sampling design; 
(ii) our analyses focused too much on the sig- 
nificance of the quadratic term and not enough 
on the limited explanatory power of the models; 
and (iii) our figure 2A (3) was “misleading” and 
should have included a line representing the 
mixed-effects model for the global-extent rela- 
tionship. We address each of these in turn. 

(i) We agree that including “grid” as a random 
effect within mixed-effects models would be a 
reasonable approach. In our within-site analy- 
ses, we intentionally replicated the within-site 
analyses of Adler et al., who did not accommo- 
date the nestedness inherent to their sampling 
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design. In hindsight, we regret not including the 
results of mixed-effects models for our within- 
site analyses in the supplementary materials, 
as we did for all other analyses. We made our 
data publicly available, which enabled Tredennick 
et al. to conduct analyses of their own, finding 
that 8 (29%) rather than 19 (69%) of the 28 within- 
site analyses yielded a significant concave-down 
relationship when “grid” is included as a random 
effect. Crucially, these revised analyses by Tredennick 
et al. have no effect on the global models we 
presented that form the main conclusion of the 
study. Also, thanks to Tredennick et al. making 
their data and analyses publicly available, we 
found that the 8 sites that did exhibit a signifi- 
cantly concave-down relationship in their analy- 
ses encompassed a significantly larger range of 
productivity (on the logyo scale) than the 13 sites 
where no association was found (permutation 
test on the difference in mean productivity; 9999 
permutations; Z score = 2.09; P = 0.039). More- 
over, the probability of detecting a concave-down 
relationship (i.e., significant quadratic term) over 
no relationship using the mixed-effects modeling 
approach tended to increase with increasing bio- 
mass range (logistic regression; residual deviance = 
22.6 on 19 df; P = 0.078). 

(ii) We recognize that regressions modeling the 
mean trend between productivity and richness 
yield limited explanatory power, and stated so 
in our Report (3). We suggest that Tredennick 
et al.’s focus on the mean trend is misplaced be- 
cause, provided one samples a sufficiently broad 
range of productivity, the HBM predicts a con- 


straint relationship, whereby richness is con- 
strained to low levels at very low and very high 
productivity. Our study provided evidence of this, 
in the form of a significantly concave-down, 
global-extent quantile regression (both with and 
without random effects included). Adler e¢ ai. 
also tested for such a constraint relationship 
(without random effects) but failed to detect it, 
possibly because of limits to their sampling (3). 
For our analyses of mean trends, we focused on 
the form of the relationship, and hence the sig- 
nificance of the quadratic term, because this— 
not explanatory power—lies at the heart of the 
debate surrounding the HBM (4, 5). Our sampling 
design and sampling scope allowed us to test the 
sensitivity of the form of the relationship to 
varying sampling grains and extents. 

(iii) We formatted our figure 2A (3) with the 
objective of making it directly comparable to 
the results presented by Adler et al. (2), specifi- 
cally their figure 2, and their global-extent regres- 
sion, which was displayed in their figure 3. Adler 
et al. did not account for nested sampling structure 
in any of their analyses (i.e., using mixed-effects 
models), including within their global-extent 
analysis that yielded a significantly concave-down 
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relationship. We therefore opted to show our | gradient and (ii) determine the processes that | 3.L. H. Fraser et al., Science 349, 302-305 (2015). 
analogous regression results in figure 2A (3). We | suppress species richness below its potential | 4-/-P. Grime, J. Environ. Manage. 1, 151-167 (1973). 
showed the results of our mixed-effects model | at intermediate levels of productivity. 5.L. H. Fraser, A. Jentsch, M. Sternberg, J. Veg. Sci. 25, 1160-1166 


. papeceaen (2014). 
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U.S. and Cuban researchers 
begin neuroscience 
collaborations 


The projects reflect a decades-long 
commitment by AAAS to foster partnerships 
with Cuban scientists 


By Becky Ham 


Guided by a historic 2014 agreement, scientists from the United 
States and Cuba have identified three areas of neuroscience 

as the focus of new research collaborations between the two 
countries. 

The focus areas include magnetic resonance imaging technology 
and neuroinformatics, neurodevelopment, and a plan to establish 
an international nonhuman primate research center in Cuba. At 
their 11 to 13 December 2015 meeting in Havana, participants also 
discussed a biomedical research fellows exchange program for 
early and midcareer scientists in both countries. 

One part of the exchange program, administered by the AAAS 
Center for Science Diplomacy and supported with a grant from 
the Lounsbery Foundation, may bring Cuban scientists to the 
United States as early as May, said Marga Gual Soler, project 
director at the AAAS center. She said the center is also working 
to identify funds to bring U.S.-based scientists to Cuba. “We 
hope this will be a very horizontal collaboration, where we can 
eventually place many scientists in top labs in both countries.” 

The December meeting, organized by AAAS and the Cuban 
Neurosciences Center (CNEURO), fulfills part of the 2014 
agreement by AAAS and the Cuban Academy of Sciences. In their 
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The delegations gathered at CNEURO's new Havana headquarters, completed in 2014. 4 


memorandum of understanding, the two organizations pledged 
to advance scientific cooperation between the United States and 
Cuba in areas of mutual interest. 

The United States delegation included participants from the 
academic, industry, policy, and foundation sectors, who met 
with their Cuban counterparts to discuss the latest research 
advances in neurodegenerative and psychiatric disorders, brain 
mapping techniques, and therapeutics. The delegation also 
visited the Drug Regulatory Authority (CECMED), the National 
Clinical Trials Coordinating Center (CENCEC), and the Center for 
Molecular Immunology (CIM). 

The research topics identified “are already part of the Cuban 
strength in working full-cycle from the lab to primary health, 
with a demonstrated impact on health indicators in Cuba and 
other countries,” said Pedro Valdés Sosa, CNEURO’s general vice- 
director for research and leader of the Cuban delegation. “And 
for areas in which we have strengths, such as neuroinformatics 
and translational neuroscience, I hope the introduction of these 
results in primary health would be of benefit to the U.S.” 

CNEURO is outfitted with equipment like a powerful, high- 
resolution 3 Tesla MRI system that keeps its researchers at 
the forefront of medical imaging technology, Valdés Sosa said. 
He now hopes for “intensive exchange that will allow Cuban 
neuroscientists to assimilate cutting-edge technologies and 
knowledge to be integrated into our current research programs.” 

Mark Rasenick, a professor of physiology and psychiatry at 
the University of Illinois at Chicago and a fellow of both AAAS 
and the Cuban Academy, is among a handful of U.S. scientists 
who have seen for themselves the dynamic and productive 
pace of Cuban science during 20 years’ worth of visits. The re- 
establishment of diplomatic ties between the two countries in 
2015 seems to have invigorated the Cuban scientific community, 
said Rasenick. “I was there last year, and the changes are 
remarkable in just a year. You can see a vibrancy, you can see 
money being put into research and buildings.” 

Even during difficult economic times for the country, when 
the government lost much outside financial support after the 
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collapse of the Soviet Union in 1991, “there was always a resolve 
to try and do science,” Rasenick continued. “But now that 

there are beginning to be more resources available, there is an 
enthusiasm, especially among younger people working there, and 
a feeling that things are going to be better for scientists.” 

U.S. scientists want to work with Cuban researchers in areas 
where the neuroscience community there has made tremendous 
strides, he said, including sophisticated imaging techniques. 
Pharmaceutical companies are also eager to collaborate with 
Cuban scientists on clinical trials, given the island’s diverse 
population and extensive health care records. 

Rasenick said that the U.S.-Cuba economic embargo still is a 
significant barrier to sharing technology and equipment between 
labs in the two countries, and could keep large numbers of U.S. 


Call for nomination of 2016 fellows 


Fellows who are current members of AAAS are invited to 
nominate members for election as Fellows. A member whose 
efforts on behalf of the advancement of science or its applications 
are scientifically or socially distinguished, and who has been a 
continuous member for the 4-year period leading up to the year 
of nomination, may by virtue of such meritorious contribution be 
elected a Fellow by the AAAS Council. 

Anomination must be sponsored by three previously elected 
AAAS Fellows (who are current in their membership), two of whom 


must have no affiliation with the nominee's institution. 
Nominations undergo review by the steering groups of the 


scientists from working in Cuba. “The embargo is as much of a 
relic as those late 1950s cars that are so popular on the island,” 
he said. “We still have a number of impediments to research, 
and in order to fix them, we need to end the embargo.” 

Valdés Sosa noted that scientists in the United States and Cuba 
have a long history of working together. One of the founding 
fathers of CNEURO, he pointed out, was renowned New York 
University neuroscientist Erwin Roy John, who collaborated with 
Valdés Sosa and other Cuban researchers on a 1977 Science paper. 

The groundwork laid in the past two decades by the Cuban 
Academy and AAAS “have led to specific suggestions that make 
the most of the current, more positive situation of U.S.-Cuba 
relations, and help us plan for a more open future,” said 
Valdés Sosa. & 


Association's sections (the chair, chair-elect, retiring chair, 
secretary, and four members-at-large of each section). Each 
steering group reviews only those nominations designated for 
its section. Names of Fellow nominees who are approved by the 
steering groups are presented to the Council in the fall for election. 
Nominations with complete documentation must be received by 
20 April 2016. Nominations received after that date or nominations 
that are incomplete as of the deadline will not move forward. 
Complete instructions and a copy of the nomination form are 
available at www.aaas.org/current-nomination-cycle. Questions 
may be directed to fellownomination@aaas.org. 


Results of the 2015 election of AAAS officers 


Following are the results of the 2015 election. Terms begin on 16 February 2016. 


GENERAL ELECTION 


President-Elect: Susan Hockfield, Massachusetts 
Institute of Technology 


Anthropology 


School of Medicine 


Board of Directors: Cynthia M. Beall, Case 
Western Reserve Univ.; May R. Berenbaum, 
Univ. of Illinois at Urbana-Champaign 


Committee on Nominations: Alice M. Clark, 
Univ. of Mississippi; Susan L. Graham, 
Univ. of California, Berkeley; William H. Press, 
Univ. of Texas at Austin; Peter H. Raven, 
Missouri Botanical Garden 


Foundation 


Ohio State Univ. 


SECTION ELECTIONS Astronomy 


Agriculture, Food, and Renewable 


Science Institute 
Resources 


Chair Elect: Carol V. Ward, Univ. of Missouri 


Member-at-Large of the Section Committee: 
Steven R. Leigh, Univ. of Colorado Boulder 


Electorate Nominating Committee: 
J. Josh Snodgrass, Univ. of Oregon; 
Deborah Winslow, National Science 


Council Delegate: Clark Spencer Larsen, 


Chair Elect: Kathryn Flanagan, Space Telescope 


Atmospheric and Hydrospheric Sciences 

Chair Elect: Joan Kleypas, National Center for 
Atmospheric Research 

Member-at-Large of the Section Committee: 
Drew T. Shindell, Duke Univ. 

Electorate Nominating Committee: Rob Jackson, 
Stanford Univ.; Jean Lynch-Stieglitz, Georgia 
Institute of Technology 


Biological Sciences 

Chair Elect: Elizabeth (Toby) Kellogg, Donald 
Danforth Plant Center 

Member-at-Large of the Section Committee: 
Marisa S. Bartolomei, Univ. of Pennsylvania 
Perelman School of Medicine 

Electorate Nominating Committee: 


Chair Elect: Lisa Ainsworth, USDA-ARS/Univ. of 
Illinois at Urbana-Champaign 


Member-at-Large of the Section Committee: 
Mel Oliver, Univ. of Missouri 


Electorate Nominating Committee: 
C. Robin Buell, Michigan State Univ.; 
Neelima Roy Sinha, Univ. of California, Davis 
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Member-at-Large of the Section Committee: 
Steven D. Kawaler, lowa State Univ. 

Electorate Nominating Committee: Tom Abel, 
Stanford Univ./SLAC National Accelerator 
Laboratory; David R. Soderblom, Space 
Telescope Science Institute 

Council Delegate: Chryssa Kouveliotou, 
George Washington Univ. 
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Marnie E. Halpern, Carnegie Institution for 
Science; Mary Ann Moran, Univ. of Georgia 
Council Delegate (1-year term): James R. Broach, 

Pennsylvania State Univ. College of Medicine; 
Jessica Gurevitch, Stony Brook Univ. 
Council Delegate (2-year term): 
Jennifer Jane Loros, Dartmouth College; 
Ann K. Sakai, Univ. of California, Irvine 
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Council Delegate (3-year term): Carol Dieckmann, 
Univ. of Arizona; Susan M. Rosenberg, Baylor 
College of Medicine; Susan R. Ross, Univ. of 
Illinois at Chicago 


Chemistry 

Chair Elect: Karen |. Goldberg, Univ. of Washington 

Member-at-Large of the Section Committee: 
Judith N. Burstyn, Univ. of Wisconsin-Madison 

Electorate Nominating Committee: 
Michelle Chang, Univ. of California, Berkeley/ 
Lawrence Berkeley National Laboratory; 
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Argonne National Laboratory 

Council Delegate (1-year term): Nancy E. Levinger, 
Colorado State Univ. 

Council Delegate (2-year term): Seth M. Cohen, 
Univ. of California, San Diego 

Council Delegate (3-year term): Melissa A. Hines, 
Cornell Univ. 


Dentistry and Oral Health Sciences 
Chair Elect: Janet Moradian-Oldak, 
Univ. of Southern California 
Member-at-Large of the Section Committee: 
Thomas E. Van Dyke, Forsyth Institute/ 
Harvard Univ. 
Electorate Nominating Committee: 
Renny T. Franceschi, Univ. of Michigan; 
Mary MacDougall, Univ. of Alabama at 
Birmingham 


Education 
Chair Elect: Muriel E. Poston, Pitzer College 
Member-at-Large of the Section Committee: 
Ann Reid, National Center for 
Science Education 
Electorate Nominating Committee: 


John R. Jungck, Univ. of Delaware; 
Dennis Schatz, Pacific Science Center 


Engineering 

Chair Elect: Linda P. B. Katehi, Univ. of California, 
Davis 

Member-at-Large of the Section Committee: 
Nadine Aubry, Northeastern Univ. 


lectorate Nominating Committee: 
ancy Jackson, Sandia National Laboratories; 
Robert M. Kelly, North Carolina State Univ. 


EI 


General Interest in Science and 
Engineering 
Chair Elect: Bruce V. Lewenstein, Cornell Univ. 
Member-at-Large of the Section Committee: 
Erica Goldman, COMPASS 
Electorate Nominating Committee: 
Barbara Gastel, Texas A&M Univ.; 
Erika C. Shugart, American Society 
for Microbiology 


Geology and Geography 

Chair Elect: Bruce H. Corliss, Univ. of Rhode 
Island 

Member-at-Large of the Section Committee: 
Paul A. Baker, Duke Univ. 


Electorate Nominating Committee: 
Laurie C. Anderson, South Dakota School 
of Mines and Technology; Frank W. Davis, 
Univ. of California, Santa Barbara 


Council Delegate: Louis A. Derry, Cornell Univ. 
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Chair Elect: Nancy J. Nersessian, Georgia 
Institute of Technology 

Member-at-Large of the Section Committee: 
Alan C. Love, Univ. of Minnesota 


Electorate Nominating Committee: 
Marsha L. Richmond, Wayne State Univ.; 
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California, Merced 


Medical Sciences 

Chair Elect: Gregory A. Petsko, Weill Cornell 
Medical College 

Member-at-Large of the Section Committee: 
Arlene H. Sharpe, Harvard Medical School/ 
Brigham and Women’s Hospital 


Electorate Nominating Committee: Paul A. Insel, 
Univ. of California, San Diego; Juanita L. 
Merchant, Univ. of Michigan Medical School 


Council Delegate: Mary C. Dinauer, Washington 
Univ. School of Medicine in St. Louis 


Neuroscience 
Chair Elect: Edwin (Ted) Abel, Univ. of 
Pennsylvania 


Member-at-Large of the Section Committee: 
Vivian Budnik, Univ. of Massachusetts 
Medical School 
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Electorate Nominating Committee: 
Kristen M. Harris, Univ. of Texas at Austin; 
John H. Morrison, Univ. of California, Davis 
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Research Institute 


Pharmaceutical Sciences 
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Electorate Nominating Committee: Catherine E. 
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Patricia K. Kuhl, Univ. of Washington 

Electorate Nominating Committee: Susan C. 
Levine, Univ. of Chicago; Jeffrey M. Zacks, 
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Member-at-Large of the Section Committee: 
Ronald D. Lee, Univ. of California, Berkeley 


Electorate Nominating Committee: 
Virginia S. Cain, National Center for Health 
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Prevention; Phyllis Moen, Univ. of Minnesota 
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Chair Elect: Norine E. Noonan, Univ. of South 
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Member-at-Large of the Section Committee: 
David Goldston, Natural Resources Defense 
Council 

Electorate Nominating Committee: 
Kathie L. Olsen, ScienceWorks International, 
LLC; Paula J. Olsiewski, Alfred P. Sloan 
Foundation 


Statistics 

Chair Elect: Kathryn Roeder, 
Carnegie Mellon Univ. 

Member-at-Large of the Section Committee: 
Arlene S. Ash, Univ. of Massachusetts 
Medical School 

Electorate Nominating Committee: 

Kim-Anh Do, Univ. of Texas MD Anderson 
Cancer Center; Katherine Bennett Ensor, 
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MELANOMA INITIATION 


A zebrafish melanoma model reveals 
emergence of neural crest identity 
during melanoma initiation 


Charles K. Kaufman, Christian Mosimann, Zi Peng Fan, Song Yang, Andrew J. Thomas, 
Julien Ablain, Justin L. Tan, Rachel D. Fogley, Ellen van Rooijen, Elliott J. Hagedorn, 
Christie Ciarlo, Richard M. White, Dominick A. Matos, Ann-Christin Puller, 

Cristina Santoriello, Eric C. Liao, Richard A. Young, Leonard I. Zon* 


INTRODUCTION: The “cancerized field” con- 
cept posits that cells in a given tissue sharing 
an oncogenic mutation are cancer-prone, yet 
only discreet clones within the field initiate tu- 
mors. Studying the process of cancer initiation 
has remained challenging because of (i) the rar- 
ity of these events, (ii) the difficulty of visiualiz- 
ing initiating clones in living organisms, and 
ii) the transient nature of a newly transformed 
clone emerging before it expands to form an ear- 
ly tumor. A more complete understanding of the 
molecular processes that regulate cancer initia- 


Single cell initiating 
melanoma formation 


Fully formed melanoma 
tumor in another fish 


tion could provide important prognostic informa- 
tion about which precancerous lesions are most 
prone to becoming cancer and also implicate 
druggable molecular pathways that, when inhib- 
ited, may prevent the cancer from ever starting. 


RATIONALE: The majority of benign nevi 
carry oncogenic BRAF’ © mutations and can 
be considered a cancerized field of melano- 
cytes, but they only rarely convert to mela- 
noma. In an effort to define events that initiate 
cancer, we used a melanoma model in the 


Patch of 
.\petanome 


Neural crest reporter expression in melanoma. The crestin:EGFP transgene is specifically 
expressed in melanoma in BRAFY°£/p53 mutant melanoma-prone zebrafish. (Top) A single 
cell expressing crestin:EGFP expands into a small patch of cells over the course of 2 weeks, 
capturing the initiation of melanoma formation (bracket). (Bottom) A fully formed melanoma 
specifically expresses crestin:EGFP, whereas the rest of the fish remains EGFP-negative. 
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zebrafish in which the human BRAP©°” 
oncogene is driven by the melanocyte-specific 
mitfa promoter. When bred into a p53 mutant 
background, these fish develop melanoma 
tumors over the course of many months. The 
zebrafish crestin gene is expressed embryoni- 
cally in neural crest progenitors (NCPs) and is 
specifically reexpressed only in melanoma 
tumors, making it an ideal candidate for 
tracking melanoma from initiation onward. 


RESULTS: We developed a crestin:EGFP 
reporter that recapitulates the embryonic 
neural crest expression pattern of crestin 
and its expression in melanoma tumors. We 
show through live imaging of transgenic 
zebrafish crestin reporters that within a 
cancerized field (BRAF’°°’-mutant; p53- 
deficient), a single melanocyte reactivates the 
NCP state, and this establishes that a fate 

change occurs at mela- 
noma initiation in this 
Read the full article model. Early crestin* 
at http://dx.doi. patches of cells expand 
org/10.1126/ and are transplantable in 
science.aad2197 a manner consistent with 
(farsa ecee tassna oes ‘idl poesia ean 
genic activity, and they exhibit a gene expres- 
sion pattern consistent with the NCP identity 
readout by the crestin reporter. The crestin 
element is regulated by NCP transcription 
factors, including sox10. Forced sox10 over- 
expression in melanocytes accelerated mel- 
anoma formation, whereas CRISPR/Cas9 
targeting of sov10 delayed melanoma onset. 
We show activation of super-enhancers at 
NCP genes in both zebrafish and human 
melanomas, identifying an epigenetic mech- 
anism for control of this NCP signature lead- 
ing to melanoma. 


CONCLUSION: This work using our zebra- 
fish melanoma model and in vivo reporter of 
NCP identity allows us to see cancer from its 
birth as a single cell and shows the impor- 
tance of NCP-state reemergence as a key event 
in melanoma initiation from a field of cancer- 
prone melanocytes. Thus, in addition to the 
typical fixed genetic alterations in oncogenes 
and tumor supressors that are required for 
cancer development, the reemergence of pro- 
genitor identity may be an additional rate- 
limiting step in the formation of melanoma. 
Preventing NCP reemergence in a field of 
cancer-prone melanocytes may thus prove ther- 
apeutically useful, and the association of NCP 
genes with super-enhancer regulatory elements 
implicates the associated druggable epigenetic 
machinery in this process. m 
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MELANOMA INITIATION 


A zebrafish melanoma model reveals 
emergence of neural crest identity 
during melanoma initiation 


Charles K. Kaufman,””** Christian Mosimann,” Zi Peng Fan,®” Song Yang,”’” 
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The “cancerized field” concept posits that cancer-prone cells in a given tissue share an oncogenic 
mutation, but only discreet clones within the field initiate tumors. Most benign nevi carry 


oncogenic BRAFY©0F 


mutations but rarely become melanoma. The zebrafish crestin gene is 


expressed embryonically in neural crest progenitors (NCPs) and specifically reexpressed in 
melanoma. Live imaging of transgenic zebrafish crestin reporters shows that within a cancerized 
field (BRAFY©°£-mutant; p53-deficient), a single melanocyte reactivates the NCP state, revealing 
a fate change at melanoma initiation in this model. NCP transcription factors, including sox10, 
regulate crestin expression. Forced sox10 overexpression in melanocytes accelerated melanoma 
formation, which is consistent with activation of NCP genes and super-enhancers leading to 
melanoma. Our work highlights NCP state reemergence as a key event in melanoma initiation. 


nderstanding the earliest events in cancer 
formation remains an incompletely ful- 
filled goal in biology, with important im- 
plications for human health. In cancer 
initiation, an activated oncogene or inac- 
tivated tumor suppressor can trigger tumor for- 
mation. However, it is unclear as to why only 
sporadic cells with these genetic alterations com- 
plete the conversion to a malignant state when 
they are present in a large group of cancer-prone 
cells, sometimes described as a “cancerized field” 
(2). Better characterizing initiating events would 
help identify targets for early therapeutic inter- 
ventions and also provide prognostic information 
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about which precancerous lesions are most likely 
to progress to cancer. 

Melanoma is a cancer of transformed melano- 
cytes, which are pigment-producing cells derived 
from the embryonic neural crest lineage. It is 
frequently driven by BRAF or RAS mutations (~80% 
of cases) (2, 3). Melanoma is treatable and curable 
when it is localized and resected completely but 
remains largely incurable once it has spread, even 
when treated with new kinase- and immune 
checkpoint-targeted therapies (4). Our labora- 
tory previously developed an animal model of 
a BRAF’©°“_driven cancer by placing the hu- 
man BRAF’©° gene under the control of the 
melanocyte-specific mitfa-promoter in trans- 
genic zebrafish (5). When crossed into a p53 
mutant loss-of-function background, these zebra- 
fish (referred to here as p53/BRAF) invariably 
develop nevi and, after several months, invasive 
melanoma (5). Despite creating this extensive 
“cancerized field” in which all melanocytes harbor 
both oncogenic B 600K and p53 loss through- 
out their life span, these p53/BRAF melanoma- 
prone zebrafish all develop one to three melanoma 
tumors after several months of age, indicating 
that other molecular alterations are important 
for tumor initiation. 


crestin transgenics mark neural crest 


To investigate the dynamics and mechanism of 
sporadic melanoma formation, we visualized and 
characterized melanoma lesion initiation. The 
functionally uncharacterized zebrafish crestin gene 
marks the neural crest during embryonic devel- 
opment, becomes undetectable by ~72 hours after 
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fertilization (6, 7), and is specifically reexpressed 
in melanoma tumors in adult zebrafish (8). We rea- 
soned that a crestin-based reporter transgene 
would allow us to track embryonic neural crest cells 
as well as melanoma tumors in vivo, potentially 
from their earliest onset. We amplified by means 
of polyermase chain reaction (PCR) a 4.5-kb up- 
stream region common to multiple crestin inser- 
tions in the zebrafish genome and cloned this 
element upstream of an enhanced green fluorescent 
protein (EGFP) reporter (Fig. 1A, crestin: EGFP). 
In stable transgenic zebrafish embryos, this con- 
struct reproduced crestin mRNA expression through 
EGFP fluorescence (Fig. 1, B and C, and fig. S1A), 
and time-lapse videos demonstrated the dorsal 
emergence and wide migration of these crestin- 
expressing putative neural crest progenitor cells 
(movies S1 and 82). Neural crest expression was 
reproducible in multiple independent lines and 
with additional reporter genes (creERT2 and 
mCherry) (Fig. 1, D to G, and fig. S5, A to C). As 
with endogenous crestin expression, transgenic 
crestin:EGFP expression was not detectable after 
3 days after fertilization and did not come back 
on in wild-type juvenile or adult zebrafish. 

To confirm that the crestin transgenes target 
neural crest progenitors, we also generated trans- 
genics for crestin:creERT2 to genetically mark 
crestin-expressing embryonic cells using a Cre/ 
lox-dependent EGFP-to-mCherry switching line 
(“ubt:switch”) (9) and genetically labeled neu- 
ral crest-derived cells, including melanocytes/ 
pigment cells (Fig. 1, D and E, red cells), jaw 
cartilage (Fig. 1F), and lateral line glia (Fig. 
1G). Because the crestin gene is specific to zeb- 
rafish, we wanted to ensure that crestin reporter 
embryonic expression is consistent with another 
conserved early neural crest marker, the tran- 
scription factor sox10. Confocal analysis of double- 
transgenic Tg(crestin_Ikb:EGFP) and Tg(soxl0:mCh) 
(10) zebrafish embryos showed a high degree of 
overlap in reporter gene expression (Fig. 1H), 
with any differences matching published in situ 
hybridization (ISH) data (11). Thus, our crestin 
transgenic lines recapitulate crestin expression 
and specifically mark the embryonic neural crest 
stem/progenitor cell population. 


crestin transgenics visualize 
melanoma initiation 


We next determined whether crestin:EGFP is re- 
expressed in melanoma tumors, as noted previ- 
ously by ISH (8). We found crestin:EGFP is 
expressed in tumors arising on triple transgenic 
7p53/BRAF/crestin:EGFP adult zebrafish but is 
absent in the remainder of the animal, high- 
lighting its specificity to the tumor (Fig. 2A). We 
next followed developing zebrafish in order to 
observe the onset of crestin:EGFP* expression. 
Before EGFP-expressing patches of cells formed 
raised melanoma lesions on a given fish (Fig. 2B), 
we were able to detect single isolated EGFP* 
cells in 953/BRAF/crestin:EGFP zebrafish (Fig. 2C). 
We could track their persistence and enlargement 
(fig. S2, A and B). Small patches of EGFP” cells, 
containing <50 cells, are readily tractable as they 
enlarge (fig. S2C). Analysis of single scales with 
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Fig. 1. The crestin promoter/enhancer drives neural crest-specific gene expression. (A) Prototypical 
crestin retrotransposon locus with predicted ORF, LTR-like, and U3-like promoter regions. Shown are 
locations of 4.5- and 1-kb segments used for crestin:EGFP constructs (white box/promoter arrow in- 
dicate B-globin gene minimal promoter). (B) Endogenous expression pattern of crestin transcript by means 
of ISH (purple staining) at 24 hours after fertilization marks developing and migrating neural crest cells. 
(C) This expression pattern (green) is recapitulated by a stable Tg(crestin:EGFP) embryo at 24 hours after 
fertilization. (D to G) Genetic lineage tracing of cells that express crestin [Tg(crestin:creERt2;crystallin: 
YFP) X Tg(-3.5ubi:loxP-GFP-loxP-mCherry)] marks multiple neural crest lineages (red cells), including 
melanocytes (bracket) on (D) the dorsum and (E) the eye (72 hours after fertilization), (F) jaw cartilage 
(ventral view, 5 days after fertilization), and (G) glial cells of the lateral line (arrows, dorsal view posterior 
to the yolk, 72 hours after fertilization). (H) Tg(crestin:EGFP) expression overlaps substantially with a 
soxl0:mCh transgene (confocal image, dorsal view over yolk, 24 hours after fertilization). 


discrete crestin:EGFP* patches demonstrated that 
transgene expression detectable with fluorescence 
microscopy overlaps with crestin mRNA detected 
with ISH (Fig. 2D). Together, these observations 
reveal that after pan-neural crest expression con- 
fined to the embryo, our crestin reporter ex- 
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presses specifically and reproducibly in melanoma 
tumors, thus providing an in vivo genetic label for 
melanoma cells that is earlier than with previous 
detection methods (5, 12). 

We next addressed the dynamics of reemerging 
crestin expression in cohorts of p53/BRAF/crestin: 


EGFP zebrafish. At the population level, crestin: 
EGFP* patches of cells (fig. S1, B and C) were 
visible before the appearance of grossly raised 
melanoma lesions (Fig. 2E, fig. S1D, and movie 
83). The crestin:EGFP expression is undetectable 
in the p53/BRAF fish from 3 to >21 days after 
fertilization, which is again consistent with pre- 
vious in situ analyses for endogenous crestin. 
We tracked individual small patches of crestin: 
EGFP’ cells over time as they progressed into 
fully formed raised melanoma lesions (Fig. 2E) 
and found that all melanomas tracked in this 
manner initiated from crestin:EGFP* patches of 
cells (30 out of 30). Thus, if a patch is seen in the 
p53/BRAF background, it will become an overt 
melanoma. These data demonstrate that reemer- 
gence of crestin:EGFP expression, and a neural 
crest progenitor state, correlates with melanoma 
initiation in an in vivo model of de novo mela- 
noma formation. 

To establish that pretumor patches of crestin: 
EGFP" cells are tumorigenic and can autono- 
mously expand locally after transplant, we per- 
formed scale auto-transplants on p53/BRAF/ 
crestin:EGFP zebrafish (73). After transplant, 
patches of crestin:EGFP” cells survive and expand 
at the new site. The EGFP” cells persist and 
further expand when later removing the tran- 
splanted scale, suggesting that the cells have 
invaded the hypodermis (Fig. 2G, representa- 
tive example). We achieved similar results with 
isolated scales placed in tissue culture but on a 
shorter time scale (figs. S3A, and S4, A and B) 
and with allotransplants to sublethally irradiated 
recipient zebrafish (fig. S3B) (8). Thus, early 
patches of crestin:EGFP-expressing cells are trans- 
plantable in a manner suggesting that they are 
already tumorigenic. 


Transcriptional regulators 
of crestin expression 


As the crestin element proved to be a highly 
specific and distinct tool for monitoring neural 
crest and melanoma development, we aimed to 
identify (i) a minimal element within the 4.5-kb 
crestin promoter/enhancer that could drive this 
expression pattern and (ii) key transcriptional 
regulators within the element. Sequence analysis 
of the crestin locus, which is replicated through- 
out the zebrafish genome >40 times, is similar 
to another retroelement called bhikari that is ex- 
pressed in early mesendoderm (fig. S6A) (6, 7, 14). 
Both a 1-kb segment from the putative retroele- 
ment promoter region and a smaller 296-base 
pair (bp) subregion fully reproduced the neural 
crest- and melanoma-specfic expression pattern 
of the full 4.5-kb crestin element (Fig. 1H and fig. 
S5, A to G), with slightly weaker expression for 
the 296-bp element. Hence, key neural crest reg- 
ulatory elements are contained in this 296-bp of 
DNA, although additional contributory binding 
sites may also be functional in the context of the 
larger crestin element. 

Database searches identified multiple predicted 
transcription factor binding sites for important 
neural crest developmental regulators within the 
296-bp segment, including two soxI0, one pax3, 
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Fig. 2. Tg(crestin:EGFP) specifically marks melanoma tumors and pre- 
cursor lesions. (A) Spontaneously arising tumors (outlined) in p53/BRAF/ 
crestin:EGFP zebrafish express EGFP (brackets), whereas the remainder of 
the animal is negative. (B) crestin:EGFP expression is also visible in precursor, 
nonraised lesions. (C) Example of a single crestin:EGFP* cell in p53/BRAF 
background. (D) Scales expressing crestin:EGFP from precursor, nonraised 
regions [(B), bottom, arrow] were plucked, photographed [(D), left and 
middle], and subjected to ISH for crestin transcript [(D), right]. There is a 
concordance of EGFP (green) and crestin transcript (purple, dotted outlines, 
scales curl during ISH procedure, indicated by the curved arrow, observed in 
5 of 5 scales). (Bottom right) crestin:EGFP” scales are negative for crestin 
ISH staining (observed in 7 of 7 tested scales). (E) Cohorts of p53/BRAF/ 
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crestin:EGFP zebrafish were tracked over time for the appearance of crestin: 
EGFP* patches and tumors, with crestin:EGFP* cells/patches (green line) 
identifiable before raised melanoma tumors (black line). (F) Example of an 
EGFP* preclinical patch tracked over time (6, 9, 11.5, and 17 weeks) as it 
expands into a clinically apparent melanoma tumor. (G) Scale autotransplant 
and expansion of crestin:EGFP* patch of cells. At day O, the recipient site is 
free of crestin:EGFP* cells (pre-scale transplant), but immediately after trans- 
plant of a single scale (post-scale transplant), the patch of EGFP* cells is 
apparent (white circle). This patch expands outward, and even upon removal 
of the original transplanted scale after the day 33 photograph, EGFP cells 
remain in place and continue to expand. The magnification and size of white 
circle is the same in each image. 
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one E-box (myc or mitf-binding site), and one 
tfap2 site (Fig. 3A and table Sl) (5). To de- 
termine which sites are functionally required for 
crestin transgene expression, we individually mu- 
tated the core consensus for each site (Fig. 3A 
and fig. S6B) and tested expression at 24 hours 
after fertilization in FO embryos injected with the 
different crestin_296bp:EGFP constructs at the 
one-cell stage, examining >80 successfully injec- 
ted FO embryos per construct. Whereas muta- 
tion of the predicted pax3 site left the expression 
pattern largely unchanged from that of the 
wild type (~55% of embryos with neural crest 
predominant expression in both), mutation of 
either sovx10 site drastically reduced neural crest 
expression (<20%), as did mutation of the tfap2 
site or the E-box site (<10% and none, respec- 
tively) (Fig. 3A and fig. S6, C and D). These 
functional transcription factor binding sites pro- 
vide an explanation for the neural crest specifi- 
city of crestin transgene expression, which 
integrates regulatory signals of multiple neural 
crest transcription factors, including sox10. 


Neural crest signature in 
melanoma initiation 


To test whether early precursor melanoma le- 
sions express other melanoma and neural crest 
progenitor markers in addition to crestin, we 
isolated individual scales from p53/BRAF/Na/ 
MiniCoopR/crestin:EGFP zebrafish with early 
crestin:EGFP* patches and compared them with 
adjacent individual scales without crestin:EGFP 
expression (Fig. 3, B and C) and performed 
Affymetrix microarrays (12). Such scales appear 
well-matched in their cell make-up, particularly 
in regards to melanocytes, as shown through mitf? 
mCh co-expression (marking melanocytes), and 
crestin:EGFP (fig. S7). Crestin:EGFP” scale-enriched 
genes include neural crest- (such as crestin, mit; 
and dlx2a) and melanoma-expressed [such as 
mia and mt (metallothionein)] genes (table $2) 
(16-18). We confirmed enrichment by means of 
quantitative reverse transcription PCR (RT-PCR) 
on independent crestin:EGFP* and crestin:EGFP~ 
scales (including crestin, dl~2a, and mia) (Fig. 3D). 
We also found soxi0 expression enriched in the 
crestin:EGFP* samples (Fig. 3D). SoxI0 is a known 
marker and key regulator of neural crest identity 
(Fig. 1H) (79) and, from our data, of crestin ex- 
pression (Fig. 3A); it is also sufficient to direct 
reprogramming of human fibroblasts to induced 
neural crest cells (20) and can be highly express 
in melanoma, where it is involved in growth con- 
trol (21-23). We used gene set enrichment analy- 
sis (GSEA) to query a rank-ordered list of the 
crestin:EGFP* scale enriched genes for an asso- 
ciation with all neural crest-expressed genes in 
the Zebrafish Information Network (ZFIN) data- 
base, and we found a significant correlation [false 
discovery rate (FDR) Q = 0.019, and familywise 
error rate (FWER) P = 0.019] (Fig. 3E, left, and 
table S6). Similarly, we used GSEA to compare 
a rank-ordered list of genes enriched in embry- 
onic stem (ES)-derived human neural crest cells 
(24) with genes enriched =2-fold in crestin: 
EGFP” scales, and we found a positive correla- 
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tion, detectable even across species (FDR Q = 
0.089, FWER P = 0.089) (Fig. 3E, right, and table 
S6). These data collectively support the concept 
that key aspects of NCP state reemerge at the 
time of melanoma initiation, as read out by the 
crestin:EGFP reporter. 


Neural crest progenitor identity 
and melanomagenesis 


On the basis of our analysis of crestin expression, 
which provides an in vivo readout of NCP identity 
at the time of melanoma initiation, we reasoned 
that favoring entry into or inappropriately main- 
taining the NCP state in a cancerized field of 
melanocytes would accelerate the onset of mela- 
noma formation (Fig. 3F). The neural crest master 
transcription factor sov10 has been shown to 
increase crestin MRNA in embryos when over- 
expressed (25), and we found similar results for 
our crestin:EGFP reporter (fig. S8). Misexpression 
of SOX10 in postnatal fibroblasts also generates 
multipotent neural crest cells in culture (20). We 
therefore overexpressed soxvJ0 in melanocytes 
using the transgenic MiniCoopR system (12) and 
found that sox10 overexpression in melanocytes 
accelerated melanoma onset significantly versus 
controls (Fig. 3G). To examine the consequence 
of sox10 inactivation, we used a melanocyte- 
specific CRISPR/Cas9 system to target soxv10 in 
the p53/BRAF/Na background (fig. S9A). As com- 
pared with controls in which p53 is redundantly 
targeted (already mutated in our system) using 
an analogous vector, we found a significant 
slowing of median tumor onset in the sox10 
CRISPR/Cas9 setting [133 days (p53) versus 
180 days (sox10), P < 0.0001] (fig. S9B). When 
melanomas developed in the sow10-targeted 
background, the soxJ0 target genomic locus ex- 
hibited a propensity for mutations that preserve 
predicted soxvJ0 function (for example, point mu- 
tations or in-frame deletions, ~60% of sequenced 
genomes) as opposed to inactivating mutations 
(for example, frame-shifts, ~40% of sequenced 
genomes), suggesting a selective pressure for re- 
tention of soxvl0 function (fig. S9, C and D). 
These gain- and loss-of-function results together 
strongly support our hypothesis that reemer- 
gence of NCP state is an important event in 
melanoma tumor initiation. 


Neural crest super-enhancers 
and melanoma 


In order to understand how the expression of 
neural crest genes such as sov10 may be regulated 
in zebrafish and human melanoma, we used a 
combination of chromatin immunoprecipitation 
sequencing (ChIP-seq) and assay for transposase- 
accessible chromatin using sequencing (ATAC- 
seq). Chromatin regions with high levels of 
H3K27Ac histone marks have been referred to 
as super-enhancers (SEs), or stretch-enhancers 
(26, 27), and have been identified as key tran- 
scriptional regulatory elements that modulate 
cell type-specific and cancer-related gene ex- 
pression (26-29). We used ChIP-seq to identify 
H3K27Ac-enriched regions in a zebrafish crestin: 
EGFP* melanoma cell line (zcrestl) that we 


derived from p53/BRAF/Na/MiniCoopR/crestin: 
EGFP zebrafish and noted substantial regions 
of H3K27Ac enrichment at crestin loci, identi- 
fied as SEs (representative locus shown in Fig. 
4A, red bar indicates SE). We also identified 
Sox10 binding by means of ChIP-seq across the 
crestin locus (Fig. 4A, bottom track), which is 
consistent with our promoter analysis linking 
sox10 to crestin transcriptional regulation (Fig. 
3A). We examined the soxI0 locus in the zcrest 
1 zebrafish melanoma cell line and also identified 
H3K27Ac SE marks (Fig. 4B). These SEs were 
similarly found at soxI0 and crestin via H3K27Ac 
ChIP-seq performed on a freshly isolated pri- 
mary zebrafish melanoma tumor (fig. S10, A and 
B, red bars), supporting our findings on the cell 
lines as being representative of the in vivo land- 
scape. ATAC-seq identified open and accessible 
chromatin corresponding to the SEs at crestin and 
sox10 (Fig. 4, A and B) and other SE-associated 
loci in two zebrafish melanoma cell lines (fig. 
S10, E and F) (30). These data suggest a molec- 
ular basis for the epigenetic state readout by 
crestin of NCP identity in initiating melanoma 
cells. 

To compare our fish studies with human 
melanoma, for which SE analysis is limited, 
we examined the Cancer Cell Line Encyclopedia 
(CCLE) database (37) and found that most hu- 
man melanoma lines (51 of 60) express SOX1O 
according to Affymetrix microarray data (fig. 
S11A). As with zebrafish melanomas, ChIP-seq 
showed enriched H3K27Ac marks near the SOX10 
locus in six SOX10-expressing human melanoma 
lines tested but not in a rare SOX10-negative 
human melanoma cell line (LOXIMVI) (Fig. 4, 
C and E, and fig. S11A). The SOXIO SE’s were 
ranked 3 and 6 out of 842 SEs from ~15,000 
total enhancers in the A375 line (fig. SIIB and 
table $3). Clustering based on the SE landscape 
yielded two distinct groups of SOX10-expressing 
lines that correlated with the presence or ab- 
sence of expression of melanocyte differentia- 
tion markers, 7YR and DCT (fig. S11, C and D). 
H3K4mel, a histone modification typically at 
active enhancers, was also enriched at SOX10O 
in the representative A375 melanoma line (Fig. 
4C). Remarkably, these SOX70 SE peaks were 
also found in published H3K27Ac data from hu- 
man ES-derived neural crest cells (hNCCs) (Fig. 
4, C and E) (32). Examining multiple normal 
and cancer cell types (66 and 18 types, respec- 
tively), the enrichment of H3K27Ac signal at 
SOX10 was evident and specific to melanoma 
cells, hNCCs, and brain tissue, which contains 
SOX10-expressing oligodendrocytes (Fig. 4E) 
(26). Beyond SOX10, a similar SE epigenetic 
signature was shared for the neural crest tran- 
scription factor DLX2 among melanomas across 
species and was enriched in melanomas and 
hNCCs (Fig. 4, D and E, and fig. S10, C and E). 
DLX2 expression is enriched in sorted crestin* 
embryonic neural crest cells (table S4), in crestin* 
precursor melanoma patches (Fig. 3D), and in 
the less differentiated, TYR/DCT melanomas 
relative to cultured normal human melanocytes 
(fig. S11, C, D, and F; and table S5). SEs were 
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Fig. 3. Reemergence of neural crest progenitor identity in melanoma 
initiation. (A) Mutation of key neural crest transcription factor binding sites 
in the 296-bp crestin element, including sox10, tfap2, and an E-box for myc or 
mitf, substantially reduces neural crest EGFP expression at 24 hours after fer- 
tilization, whereas mutation of the predicted pax3 site does not alter expres- 
sion. Coinjection of a ubiquitous ubi:mCh transgene confirmed successful 
injection for the >80 independently injected FO embryos analyzed for each 
construct. Scales from p53/BRAF/Na/MiniCoopR/crestin:EGFP adult zebra- 
fish (B) with and (C) without EGFP* cells were collected, and total RNA was 
isolated for microarray analysis. (D) Quantitative RT-PCR of crestin:EGFP* versus 
crestin:‘EGFP_ scales reveals enrichment of neural crest (crestin, dlx2a, sox10) 
and melanoma marker expression (crestin, mia, sox10). (E) GSEA analysis shows 
a positive association between crestin:EGFP* patch-enriched genes and neural 
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crest-expressed genes in zebrafish (left) and in human ES—derived neural 
crest cells (right). (F) Model for the importance of reemergence of NCP state 
through SE activation as an essential step in melanoma initiation. The 
acquisition of genetic lesions in normal tissue leads to oncogene activation 
(BRAFY©) and tumor suppressor loss (p53°’~) and represents an initial 
barrier that generates a cancerized field from which rare clones (green) 
overcome the additional barrier of achieving a NCP state to initiate melanoma 
formation and then tumor expansion. Favoring reemergence of the neural 
crest progenitor state would then increase melanoma formation, and 
strengthening this barrier to inhibit adoption of the crestin* NCP state would 
block melanoma initiation. (G) Misexpression of the NCP transcription factor 
sox10 accelerates melanoma onset as compared with controls in p53/BRAF/ 
Na zebrafish rescued with the MiniCoopR construct. 
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Fig. 4. A SE signature in zebrafish and human melanoma. (A) ChiP- 
seq for the H3K27Ac histone mark (top row) in a crestin:EGFP* zebrafish 
melanoma cell line (zcrest 1) reveals enriched peaks, identified as a SE 
(red bar), at a representative crestin locus. Sequences of crestin_4.5kb, 
crestin_lkb, and crestin_296bp shown with blue horizontal bars. ATAC-seq 
on two zebrafish melanoma lines (zcrest 1 and zcrest 2) identifies open 
chromatin coincident with the H3K27Ac marks at crestin loci. ChIP-seq for 
Sox10 shows enrichment across the crestin locus (bottom row) in zcrest 
I cells. (B) ChIP-seq for the H3K27Ac histone mark (top row) on the zcrest 
1 line identifies robust enrichment and a SE at sox10 (red bar). ATAC-seq 
identifies corresponding regions of open chromatin (rows 2 and 3). (C) ChIP- 
seq for the H3K27Ac mark on multiple SOX10-expressing melanoma lines 
(A375, CJM, COLO679, SKMEL2, SKMEL30, and UACC257) and a rare 
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SOX10-negative melanoma line (LOXIMVI). Robust peaks corresponding 
to SEs (red bars) are identified in all lines, except the SOX10-negative 
LOXIMVI line. Published H3K27Ac ChIP-seq data from hNCCs reveal a 
similar SE pattern. ChIP-seq for H3K4Mel, an enhancer mark, on a rep- 
resentative melanoma line, A375 (row 2), identifies regions corresponding 
to the H3K27Ac marks. (D) H3K27Ac signal is robust at the DLX2 locus 
in melanoma cell lines not expressing the melanocyte differentiation 
genes TYR and DCT (blue box), in HNCCs, and in the SOX10-negative 
LOXIMVI melanoma line. Human genomic track images were generated at 
http://genome.ucsc.edu. (E) High relative H3K27Ac signal at SOX10 (top) 
and DLX2 (bottom) identifies SEs (presence = red/orange bar, absence = 
blue bars) and is largely enriched in melanomas and hNCCs compared with 
66 normal and 18 cancer cell types. 


also found at TFAP2 family members, whose 
functional binding site was identified in the 
296-bp crestin element (Fig. 3A), in A375 hu- 
man melanoma (TFAP2C) (fig. S12A), and in 
the zebrafish melanoma cell line and primary 
melanoma (tfap2a) (fig. S10, D and F). Such 
SEs are also found near other crestin* cell- 
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enriched genes MIA and MT2A (metallothionein 
genes) in A375 melanoma cells (fig. S12, B and C). 


Discussion 


This work shows that melanoma precursor cells 
reinitiate an embryonic neural crest signature and 
activate a melanoma gene program. Although the 


expression of stem cell factors or embryonic genes 
has been noted previously in advanced malignan- 
cies including melanoma (8, 23), it remained un- 
certain whether this was simply due to aberrant 
misexpression of these genes or whether these 
genes were present from tumor outset (Fig. 3F). Our 
data support a model in which the stem/progenitor 
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cell gene programs are an integral part of can- 
cer initiation and not reacquired later (Fig. 3F). 
Analogously, this theme was also recently des- 
cribed in basal cell carcinoma (BCC), a cancer 
arising from a different cell lineage, in which 
careful analysis of gene expression from tissue 
collected during early BCC formation in a mouse 
model of the disease exhibited an embryonic hair 
follicle progenitor signature, indicating that this 
may be a general feature of cancer initiation 
(33). There also is a conceptual similarity be- 
tween the reprogramming-induced pluripotent 
stem process and the tumorigenic reemergence 
of NCP state seen in our system as melanocytes 
with the required, but insufficient, p53/BRAF 
genetic mutations stochastically reenter a NCP 
state (as read out by crestin expression) early at 
the initiation of melanoma. As the initiating stages 
of more cancers are analyzed, stem cell/progenitor 
phenotype reacquisition may be a generally ob- 
served phenomenon in most cancers (33). 

Our work establishes a method to live-image 
cancer development when a tumor starts, poten- 
tially as a single cell, providing a singular view of 
the initiating events. NCP identity arises, and is 
likely a necessary step, early in tumor develop- 
ment. In our p53/BRAF/crestin:EGFP model, all 
EGFP" patches of crestin:EGFP cells that we track 
go on to enlarge and form tumors; given the 
rarity of capturing single cells in this background, 
we cannot rule out that clones may rarely fail to 
progress to patches. The crestin gene has the dis- 
tinct characteristic of being expressed in neural 
crest cells in embryos, but not being expressed in 
adult tissues except when melanoma arises. Super- 
enhancers shared between melanoma and neural 
crest are specifically activated. The neural crest 
signature encompasses a combinatorial code in- 
cluding SOX10, DLX2, and the TFAP2 family. It 
is unlikely that any one of these genes is suf- 
ficient for the reprogramming event, but it is 
the combination of multiple transcription factors 
that participate. In contrast to SOX10, DLX2 ex- 
pression is characteristic of genes that are ex- 
pressed by neural crest and melanoma, but not 
expressed in melanocytes. As such, this gene set 
may have diagnostic importance in the initiat- 
ing cancer cell. A reevaluation of published ex- 
pression data for nevi, primary melanoma, and 
metastatic melanoma does reveal increased 
SOX10 expression in malignant melanomas (34). 
Nevi show a wide range and consistently lower 
amount of SOX70 expression than that of mel- 
anoma, raising the possibility that the histolo- 
gically defined category of nevus is capturing 
a range of melanoma-initiating capacity (those 
nevi expressing higher SOXI0 levels may have 
initiated or may be more prone to initiating 
melanoma). 

Several major questions remain about an ini- 
tiating cancer cell that may now be more ac- 
cessible with our live visualization tool. The niche 
environment must participate in the process of 
initiation, perhaps through the activation of neural 
crest signaling pathways akin to the development 
of the normal neural crest or by stress pathways 
related to irradiation or oxidative damage. Further 
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genetic mutations, as opposed to isolated epi- 
genetic changes, may be required for tumor ini- 
tiation from the cancerized field; however, the 
absence of identifiable functionally relevant exo- 
mic mutations in a study of 53 zebrafish mel- 
anoma tumors to which we contributed would 
tend to favor that the key genetic drivers 
3 600F and mutant p53) are already present 
in our model (35). Work on this question will 
provide information on how cancer initiates. The 
reprogramming event appears to occur in one 
melanocyte or progenitor in a cancerized field, 
and defining why the process initiates in that 
single cell rather than an adjacent cell will provide 
an understanding of protective mechanisms in 
cancer formation. 


Materials and methods 
Cloning of crestin promoter/enhancer 


The transcript for crestin, originally described as 
AF195881, was used with Basic Local Alignment 
Search Tool (BLAST) on the zebrafish genome 
and, as has been previously noted, identified many 
partial or complete highly similar (>90% identical) 
sequences spread throughout the genome (6, 7). 
Multiple insertions are present on chromosome 
4, and a ~4.5-kb sequence located upstream of the 
predicted crestin open reading frame (ORF) 
was noted to be present in multiple instances. 
Reasoning that this segment may contain the 
relevant regulatory elements of crestin, primers 
were designed to amplify via PCR upstream se- 
quences of the crestin locus (LOC796814) on chro- 
mosome 4 in the TU background (primers 299 
and 302; primers supplemental table). The 1-kb 
fragment and 296-bp fragment were isolated by 
using PCR primers 302/340 and 517/516, re- 
spectively. Fragments were cloned into pENTRS’ 
(Life Technologies, Grand Island, NY) per man- 
ufacturers instructions. Expression vectors were 
derived by using Multisite Gateway technology 
per manufacturer’s specifications and the Tol2 
Kit (36) LEGFP, vector 383; mCh, vector 386; SV40 
poly A, vector 302; EGFP with mouse minimal 
f-globin promoter (37); destination vectors, vector 
394 alone and modified with addition of crystallin: 
YFP marker; zmitfa middle entry vector, gift of 
Craig Ceol; MiniCoopR from (/5)]. 


Production of transgenic zebrafish and 
lineage tracing 


One-cell-stage embryos from the AB strain grown 
under standard, Institutional Animal Care and 
Use Committee (IACUC)-approved conditions 
were injected with the given DNA construct at 
25 ng/ul with Tol2 mRNA at 20 ng/ul (36). 
Embryos were screened at 24 hours after fer- 
tilization for neural crest expression of EGFP 
or mCh, or in the case of Tg(crestin:CreERt2; 
crystallin: YFP), screened for yellow fluorescent 
protein (YFP)-positive lenses at 4 days after 
fertilization. These were grown to adulthood and 
outcrossed so as to identify founders that gave 
germline transmission. For each DNA construct, 
>2 independent lines were generated to confirm 
the expression pattern. For lineage tracing of 
crestin-expressing cells, a stable transgenic line 
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of Tg(crestin:creERt2;crystalline:YFP) was crossed 
to the Tg(-3.5ubi:loxP-GFP-loxP-mCherry) line 
(ubi:Switch) (9); embryos were collected and 
treated with 10 uM 4-hydroxytamoxifen (4-OHT) 
at 50% epiboly and 24 hours after fertilization 
while grown at 28°C in E3 medium, as per 
standard protocol. 


Embryo and adult imaging 


Transmitted light and fluorescence images of 
adult and nonconfocal images of embryos were 
collected on a Zeiss Discovery V.8 Stereoscope 
with an Axiocam HRc. Static confocal images 
were collected on a Nikon C2si Laser Scanning 
Confocal using 25x objective on embryos mounted 
in 1% low melt agarose. Maximum intensity 
projections of Z stacks or three-dimensional re- 
constructions are presented here. Movies of 
developing embryos were collected on a Nikon 
Eclipse Ti Spinning Disk Confocal with a 10x 
objective, with tiled images collected every 6 to 
7 min. Images were processed by using Photo- 
shop, ImageJ, or Imaris. Multiple tiled images 
of adult zebrafish were stitched together by using 
the automated Photomerge function in Photo- 
shop or manually aligned. 


Melanoma model and MiniCoopR system 


Experiments were performed as outlined in (15). 
Briefly, p53/BRAF/Na embryos were injected with 
equal amounts of MiniCoopR alone or MiniCoopR; 
mitfisox10 and selected for melanocyte rescue at 
48 hours. Equal numbers of melanocyte-rescued 
embryos were grown to adulthood (n = 14 for 
control and n = 13 for mitf:sox10) and scored 
for the emergence of raised melanoma lesions 
as per (15). Survival curves and statistics were 
generated in Prism. 


Quantitative PCR, microarray, and 

in situ hybridization 

Adult p53/BRAF/Na/MiniCoopR/crestin:EGFP 
fish were anesthetized with Tricaine, viewed 
under the fluorescent dissecting scope, and pre- 
cursor patches of crestin:EGFP" cells were iden- 
tified and associated single scales removed. These 
fish contained stable (germ-line transmitted) 
alleles of crestin:EGFP and control MiniCoopR 
(no test gene). Neighboring crestin:EGFP-negative 
scales from the same zebrafish were selected for 
controls. Scales were immediately placed in Trizol, 
and total RNA was purified following the man- 
ufacturer’s instructions, with the additional use 
of Sigma GenElute LPA carrier. RNA was anal- 
yzed on a BioAnalyzer, and high-quality samples 
were chosen for microarray libraries generated 
by using the Ovation Pico WTA System V2 and 
Encore Biotin labeling system for hybridization 
on the Zebrafish Gene 1.0 ST Affymetrix Array 
or used for cDNA preparation using SuperScript 
Il. RMA-normalized Affymetrix Array results were 
sorted for maximum fold (log2) increase in gene 
expression in GFP-positive samples versus neg- 
ative samples. Quantitative PCR reactions were 
run on triplicate biological samples with triplicate 
technical replicates and normalized to B-actin 
expression, with representative results presented. 
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For in situ hybridizations, we used the methods 
of (38) and the crestin probe from (7). 


ChIP-seq and SE analysis 


Human melanoma cells were grown to confluence 
in Dulbecco’s Modified Eagle medium (DMEM) + 
10% fetal calf serum (FCS), and ~ 1 x 10° cells 
were formaldehyde cross-linked and collected. 
ChIP was performed by using the methods of 
(30, 39) with antibodies against H3K27Ac (ab4729) 
(Abcam), H3K4Mel (ab8895) (Abcam), and SOX10 
[Santa Cruz Biotechnology (Dallas, TX), sc-17342x]. 
Libraries were prepared by using the NEBNext 
Multiplex Oligos for Mlumina kit (NEB) and run 
on an Illumina HiSeq 2000. Data analysis, in- 
cluding enhancer and SE calling, was performed 
as described in (26). Genomic track images were 
generated by using the IGV package (40) and the 
University of California, Santa Cruz Browser (41). 

All human ChIP-seq data sets were aligned to 
build version NCBI37/HG19 of the human genome 
using Bowtie (version 0.12.9) (42) with the fol- 
lowing parameters: -n2, -e70, -m2, -k2, —best. 
We used the MACS version 1.4.1 (Model based 
analysis of ChIP-seq) (43) peak finding algorithm 
to identify regions of ChIP-seq enrichment over 
background. A P value threshold of enrichment 
of 1 x 10°° was used for all data sets. Wiggle files 
for gene tracks were created by using MACS with 
options -w -S -space = 50 to count reads in 50-bp 
bins. They were normalized to the total number 
(in millions) of mapped reads producing the final 
tracks in units of reads per million mapped reads 
per base pair (rpm/bp). 


Identifying SEs 

The identification of SEs has previously been 
described in detail (26). Briefly, H3K27Ac peaks 
were used to identify constituent enhancers. 
These were stitched if within 12.5 kb, and peaks 
fully contained within +2kb from a TSS were ex- 
cluded from stitching. H3K27Ac signal (less input 
control) was used to rank enhancers by their en- 
richment. Super-enhancers were assigned to ac- 
tive genes by using the ROSE software package 
(younglab.wi.mit.edu/super_enhancer_code.html). 


ATAC-seq 


Zebrafish melanoma cell lines were grown to 
80% confluence, trypsinized, and counted, and 
50,000 cells were lysed and subjected to “tag- 
mentation” reaction and library construction as 
described in (30). Libraries were run on an Illu- 
mina HiSeq 2000. All zebrafish ATAC-seq data 
sets were aligned to build version Zv9 of the 
zebrafish genome by using Bowtie2 (version 2.2.1) 
(42) with the following parameters: -end-to-end, 
-NO, -L20. We used the MACS2 version 2.1.0 (43) 
peak-finding algorithm to identify regions of 
ATAC-seq peaks, with the following parameter- 
nomodel-shift -100-extsize 200. A Q value 
threshold of enrichment of 0.05 was used for all 
data sets. 


Scale transplants 


Adult p53/BRAF/Na/MiniCoopR/crestin:EGFP 
were anesthetized, viewed under the fluorescent 
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dissecting scope; precursor patches of crestin: 
EGFP" cells were identified (not from raised 
melanoma lesions); and single associated scales 
were removed and placed in 50-1 drops of E3 
buffer on a petri dish lid. Anesthetized recip- 
jent zebrafish (in the case of allotransplants) or 
the same zebrafish (in the case of autotrans- 
plants) were gently placed on a wet sponge and 
a recipient site selected (free of crestin:EGFP- 
expressing cells). One scale was removed at the 
donor site, and the previously selected donor 
scale from the drop of E3 was placed on the 
zebrafish and slid posterior to anterior into 
place by using surrounding scales to hold it in 
place. Recipients were quickly placed in fresh 
zebrafish water and monitored for recovery from 
anesthesia. Transplants were monitored fre- 
quently with some loss of transplanted scales 
(~20%) occurring quickly within 1 day because 
of simple dislodgement. Once in place for ~4 days, 
scales were firmly incorporated and could be 
monitored over time and photographed at the 
same magnification under the dissecting scope 
after mild Tricaine anesthesia of the recipient 
zebrafish. In single-scale autotransplants in a 
representative cohort of 10 fish, three scales were 
lost in the first week (we consider a technical 
failure with the scales falling out), five showed 
expansion of the crestin:EGFP cells, and three 
showed no change or loss of crestin:EGFP cells. 
In single-scale allotransplants onto sublethally 
irradiated casper recipient fish, eight EGFP* 
scales were transplanted onto different recip- 
jients with one scale lost in the first week, five 
scales showing expansion of the crestin:EGFP 
cells for =2.5 weeks, and two showing stable 
appearance for = 2 weeks. Six of six EGFP scales 
showed loss of pigmented cells in this time 
frame. 


Promoter analysis 


Transcription factor binding sites were predicted 
by using JASPAR (/4). We used the Q5 Site- 
Directed Mutagenesis Kit from NEB to introduce 
mutations to destroy the chosen transcription 
factor binding site (primers supplemental table). 
To analyze expression in vivo, equal volumes of 
a mixture of the crestin_296bp:EGFP construct 
variant at 20 ng/ul mixed with 5 ng/ul of wbi:mCh 
(9, 36) (for an injection control) were injected 
with 20 ng/ul of Tol2 mRNA into single-cell AB 
embryos. At 24 hours after fertilization, embryos 
were fixed in paraformaldehyde (PFA), washed 
and stored in phosphate-buffered saline (PBS), 
and scored for mCh expression to identify suc- 
cessfully injected embryos and for EGFP to bin 
based on the predominant expression pattern. 
More than 80 transgenic FO embryos for each 
construct were scored. 


Investigating SOX10 and DLX2 SEs in 
healthy normal cells and 
melanoma cells 


To investigate whether the two SOX10-asscociated 
SEs identified in A375 cells are also present in 
other cell types, they were compared with the SEs 
identified in other melanoma cell types, neural 


crest cells, and 84 additional cell types from 
normal or cancer cells described in (26). 

First, the SOX10-asscociated SEs were opera- 
tionally called “present” in a cell type if the SEs 
identified in the cell-type overlap with the SOX10 
SEs in A375 cells by at least 1 bp. Second, the 
H3K27Ac signal density of the SOX10-asscociated 
SEs identified in A375 cells was compared with 
the mean H3K27Ac signal density of all enhancer 
clusters in each cell type. For each cell type, the 
average H3K27Ac ChIP-seq read density was 
calculated in rpm/bp for the two SOX10 SEs 
identified in A375 cells as well as all enhancers 
clusters identified by using the ROSE software 
package in the cell type (younglab.wi.mit.edu/ 
super_enhancer_code.html). The fold difference 
of H3K27Ac ChIP-seq signal at SOX10 SEs over 
the mean H3K27Ac ChIP-seq signal at all en- 
hancers in each cell type was plotted in Fig. 4E. 
The same process was undertaken for the SEs at 
the DLX2 locus. 


Pairwise comparison of SEs between 
different melanoma cell lines and neural 
crest cells 


The set of SE regions in each cell type (SKMEL2, 
SKMEL30, UACC257, LOXIMVI, A375, CJM, 
COLO679, and neural crest cells) were merged 
together if overlapping by 1 bp, resulting in a 
total of 3407 merged SE regions. The neural 
crest cell data were previously published in (32). 
The average H3K27Ac ChIP-seq read density was 
calculated in rpm/bp for each of the merged re- 
gions. The pair-wise comparisons by Pearson cor- 
relation were performed on all data sets by using 
the average read density at the merged regions. 
The average linkage hierarchical clustering of the 
Pearson correlation was shown in the heatmap 
(fig. S11C). 


Zebrafish melanoma cell lines and 
in vitro scale imaging 


A single EGFP* melanoma tumor arising in a 
p53/BRAF/Na fish injected with MiniCoopR 
plasmid and crestin:EGFP plasmid (zcrest 1 line) 
or a p53/BRAF/Na/crestin:EGFP fish injected 
with MiniCoopR plasmid (zcrest 2 line) was re- 
moved after killing the adult fish. Briefly, tumors 
were dissociated with a razor blade and trypsin, 
filtered, and plated on a fibronectin-coated well 
and grown in rich media supplemented with 
FBS and zebrafish embryo extract as described 
(44). After several passages, the zcrest 1 line 
was sorted for EGFP* cells, which were con- 
tinued as the line. For the zcrest 2 line, after 
several passages, most if not all cells remaining 
were EGFP”. Both lines continue to be EGFP* 
and have been grown for >50 passages on plastic 
in standard DMEM + 10% FBS with 1X Gluta- 
MAX supplement and penicillin/streptomycin 
antibiotics. 

Scales from p53/BRAF/Na/crestin:EGFP/Mini- 
CoopR and p53/BRAF/crestin:EGFP fish with and 
without EGFP” patches of cells were placed in 
zebrafish melanoma growth medium in fibro- 
nectin coated wells in 384-well format, flat- 
bottomed plates and imaged daily on a Yokogawa 
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CV7000 confocal imager with brightfield and 
z-stack image projections collected. 


GSEA analysis 


Using our microarrays comparing crestin:EGFP* 
versus crestin:EGFP scale gene expression, zebra- 
fish genes were rank-ordered (10,705 genes) from 
high to low for enrichment (crestin scales rank. 
rmk). We generated a gene list of all neural-crest- 
expressed genes in the ZFIN database (317 genes, 
zfincomp.gmt) (45) and used the preranked GSEA 
analysis tool. Using a list of genes with =2-fold 
enrichment in crestin:EGFP* scales by means of 
microarray (Crestin Scales.gmt), we queried a list 
of 17,575 genes rank-ordered for their enrich- 
ment in human neural crest cells versus parental 
ES cells from (32) (Rada Ranked.rnk), also using 
the preranked GSEA analysis tool (46). 


RNA-seq analysis 

Multiple human melanoma cell lines and adult 
human epidermal melanocytes (purchased from 
Life Technologies) were grown to near conflu- 
ence, and total RNA was isolated by using the 
standard Trizol protocol. lumina libraries were 
prepared by using Ribo-Zero Magnetic Gold Kit 
(epicenter) and NEBNext Ultra RNA Library 
Prep Kit (NEB) and run on a HiSeq 2500, reads 
aligned by using Tophat 2.0, and fragments per 
kilobase of exon per million fragments mapped 
values determined by using Cufflinks. For sorted 
crestin™ cells, transgenic crestin_Ikb:EGFP adults 
were mated, and embryos collected and grown to 
the 15-somite stage. These were homogenized, 
filtered, and sorted by using fluorescence- 
activated cell sorting into PBS, collecting ~5500 
EGFP” cells and 100K EGFP cells. Total RNA was 
again collected by using Trizol and GenElute LPA 
carrier per manufacturer instructions. Libraries 
were prepared by using Ribogone kit (Clontech) 
and the SMARTer Universal Low RNA Kit 
(Clontech) and sequenced on the Illumina HiSeq 
2500, with post-analysis performed as above 
with the zebrafish genome. 


CRISPR/Cas9 experiment 


Cas9 mRNA was produced by means of in vitro 
transcription from a pCS2 Cas9 vector (47) by 
using mMESSAGE mMACHINE SP6 kit (Invi- 
trogen). Guide RNAs (gRNAs) were generated by 
following established methods (48). The SowI0 tar- 
get sequence was GGCCGCGCGCAGGAAACTGG. 
Six hundred picograms of Cas9 mRNA and 25 pg 
of gRNA were injected into embryos of the AB 
strain. After microinjection, embryos were raised 
in E3 medium at 28.5°C. The T7E1 assay was per- 
formed as reported (49). Briefly, genomic DNA 
was extracted from 2-day-old embryos by using 
the hotSHOT method (50). A fragment of 434: bp 
was amplified from genomic DNA by using the 
following primers: GAAGTCCGACGAGGAAGAT 
and CITTGACTGAGTAAATAGTGCGT. The PCR 
amplicons were then purified on a 1% agarose 
gel. Two hundred nanograms of purified DNA 
were denatured at 95°C for 5 min and slowly 
reannealed before digestion with 10 units of 
T7E1 enzyme (NEB) for 1 hour at 37°C. The 
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digestion product was finally run on a 2.5% 
agarose gel. 


CRISPR/Cas9 tumor-free survival curves 


In order to inactivate soxI0 specifically in the 
melanocytes of our zebrafish melanoma model, 
the MiniCoopR vector was engineered to express 
Cas9 under the control of the melanocyte-specific 
mitfa promoter and a gRNA efficiently mutating 
sox10, described above, off a U6 promoter. A gRNA 
against p53 was used as a negative control (57). The 
two vectors were injected into one-cell stage, Tg 
(mitfa:BRAF ©), 53'-, mitfa’~ embryos, and 
tumor formation was monitored. 

To sequence genomic DNA from tumors, tu- 
mor tissue was dissected carefully, digested in 
buffer with proteinase K (52), and after inacti- 
vation of proteinase K, PCR was performed by 
using the primers described above as for the 
T7E1 reaction. PCR fragments were cloned by 
using TopoTA cloning per manufacturer instruc- 
tions, and colony PCR was performed on result- 
ing individual clones and submitted for Sanger 
sequencing for fig. S9C. For next-generation seq- 
uencing in fig. S9D, nested PCR (primer sequences 
TGAACGGGTACGACTGGACGCT and TGTTGTA- 
GCAGTGCGTITTA, yielding a 238-bp amplicon) 
was performed on the initially amplified genomic 
locus so as to bring the amplicon ends closer to the 
CRISPR target sequence in order to allow for cov- 
erage by using a MiSeq-based 150-bp paired-end 
Illumina run with pooled and barcoded samples at 
the MGH DNA Core. Both Sanger and compiled 
next-generation sequences were aligned to the 
wild-type locus by using Lasergene Seqman in 
order to identify changes at the CRISPR target 
sequence. Wild-type sox10 reads, although poten- 
tially from nontargeted soz/0 loci in melanocytes 
and not necessarily from other tissue types in the 
sample, were excluded from the calculations of 
fractions of allele types. If included, these would 
only increase the fraction of active soxvi0 alleles 
and would further favor our interpretation of the 
results. When determining the fractions of alleles 
in fig. S9D, each tumor was weighted equally so as 
to avoid skewing from more reads from a given 
tumor. 


Injection of sox10 mRNA 


The sox10 cDNA from zebrafish was cloned into 
pENTR/D-TOPO and transferred into pCSDest 
(53) by using Gateway cloning, all per manufac- 
turer instructions. mRNA was generated by using 
SP6 mMessage mMachine Kit (Ambion) per man- 
ufacturer, and 1 nl mRNA mix was injected into 
single-cell p53/BRAF/crestin:EGFP embryos at mul- 
tiple concentrations, with 20 pg being the highest 
tolerated dose without substantial toxicity. Embryos 
were imaged on a Zeiss Discovery V.8 Stereo- 
scope and scored for EGFP expression. 
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STRESS RESPONSE 


Translation from the 5’ untranslated 
region shapes the integrated 


stress response 


Shelley R. Starck,* Jordan C. Tsai, Keling Chen, Michael Shodiya, Lei Wang, 
Kinnosuke Yahiro, Manuela Martins-Green, Nilabh Shastri,* Peter Walter* 


INTRODUCTION: Protein synthesis is con- 
trolled by a plethora of developmental and 
environmental conditions. One intracellular 
signaling network, the integrated stress re- 
sponse (ISR), activates one of four kinases in 
response to a variety of distinct stress stimuli: 
the endoplasmic reticulum (ER)-resident kinase 
(PERK), the interferon-induced double-stranded 
RNA-dependent eIF2a kinase (PKR), the gen- 
eral control nonderepressible 2 (GCN2), or the 
heme-regulated inhibitor kinase (HRI). These 
four kinases recognize a central target and 
phosphorylate a single residue, Ser51, on the 
a subunit of the eukaryotic initiation factor 2 
(eIF2q), which is a component of the trimeric 
initiation factor eIF2 that catalyzes translation 
initiation at AUG start codons. Phosphoryl- 
ation of eIF2a down-regulates eIF2-dependent 
protein synthesis, which is important in devel- 
opment and immunity but also is implicated in 
neurodegeneration, cancer, and autoimmunity. 
However, protein synthesis does not cease on all 
mRNAs during the ISR. Rather, eI[F2a phos- 
phorylation is required for expression of select 


—_ 
tracer 
peptide 


mRNAs, such as ATF4 and CHOP, that harbor 
small upstream open reading frames (uORFs) 
in their 5’ untranslated regions (5' UTRs). Still 
other mRNAs sustain translation despite ISR 
activation. We developed tracing translation 
by T cells (8T) as an exquisitely sensitive tech- 
nique to probe the translational dynamics of 
uOBFs directly during the ISR. With 3T, we 
measured the peptide products of uORFs 
present in the 5’ UTR of the essential ER- 
resident chaperone, binding immunoglobulin 
protein (BiP), also known as heat shock pro- 
tein family A member 5 (HSPA5), and charac- 
terized their requirement for BiP expression 
during the ISR. 


RATIONALE: We repurposed the sensitivity 
and specificity of T cells to interrogate the 
translational capacity of RNA outside of an- 
notated protein coding sequences (CDSs). 3T 
relies on insertion of a tracer peptide coding 
sequence into a candidate DNA sequence. The 
resulting mRNAs harboring the nested tracer 
peptide coding sequence are translated to pro- 


[By No tracer peptide 
[By Tracer peptide 


TIER eSunc [_]Cytoplasm @ Translated tracer peptide 


3T reveals the translational landscape of the genome outside of annotated coding sequences. 
Tracer peptide coding sequences are inserted into regions outside the annotated CDS, such as 
uORFs. When translated, they generate peptides that are transported into the ER, are loaded onto 
MHC I, and transit to the cell surface. T cell hybridomas that recognize the specific tracer peptide— 
MHC | complex become activated, which is detected using a colorimetric substrate. 
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duce tracer peptides. These translation prod- 
ucts are processed and loaded onto major 
histocompatibility complex class I (MHC I) 
molecules in the ER and transit to the cell 
surface, where they can be detected by specific 
T cell hybridomas that are activated and quan- 
tified using a colorimetric reagent. 3T provides 
an approach to interrogate the thousands of 
predicted uORFs in mammalian genomes, char- 
acterize the importance of uORF biology for 
regulation, and generate fundamental insights 
into uORF mutation-based diseases. 


RESULTS: 3T proved to be a sensitive and 
robust indicator of uORF expression. We mea- 
sured uORF expression in the 5’ UTR of 
mRNAs at multiple distinct regions, while 

simultaneously detecting 
expression of the CDS. We 
Read the full article directly measured uORF 
at http://dx.doi. peptide expression from 
org/10.1126/ ATF4 mRNA and showed 
science.aad3867 that its translation per- 

sisted during the ISR. We 
applied 3T to study BiP expression, an ER 
chaperone stably synthesized during the ISR. 
We showed that the BiP 5’ UTR harbors 
uORFs that are exclusively initiated by UUG 
and CUG start codons. BiP uORF expression 
bypassed a requirement for eIF2 and was de- 
pendent on the alternative initiation factor 
elF2A. Both translation of the UUG-initiated 
uORF and eIF2A were necessary for BiP ex- 
pression during the ISR. Unexpectedly, the 
products of uORF translation are predicted 
to generate MHC I peptides active in adaptive 
immunity. We propose that this phenomenon 
presents an extracellular signature during 
the ISR. 


CONCLUSION: Our findings introduce the 
notion that cells harbor a distinct translation 
initiation pathway to respond to a variety of 
environmental conditions and cellular dys- 
function. We showed that cells utilize a dis- 
tinct, e[F2A-mediated initiation pathway, which 
includes uORF translation, to sustain expres- 
sion of particular proteins during the ISR. 3T 
offers a valuable method to characterize the 
thousands of predicted translation events 
in 5’ UTRs and other noncoding RNAs and, 
expanded to a genome-wide scale, can com- 
plement ribosome profiling and mass spec- 
trometry in uORF and short ORF discovery. 
Our observations underscore the importance 
of translation outside of annotated CDSs 
and challenge the very definition of the U in 
5’ UTR. 
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INTRODUCTION: Protein synthesis is con- 
trolled by a plethora of developmental and 
environmental conditions. One intracellular 
signaling network, the integrated stress re- 
sponse (ISR), activates one of four kinases in 
response to a variety of distinct stress stimuli: 
the endoplasmic reticulum (ER)-resident kinase 
(PERK), the interferon-induced double-stranded 
RNA-dependent eIF2a kinase (PKR), the gen- 
eral control nonderepressible 2 (GCN2), or the 
heme-regulated inhibitor kinase (HRI). These 
four kinases recognize a central target and 
phosphorylate a single residue, Ser51, on the 
a subunit of the eukaryotic initiation factor 2 
(eIF2a), which is a component of the trimeric 
initiation factor eIF2 that catalyzes translation 
initiation at AUG start codons. Phosphoryl- 
ation of eIF2a down-regulates eIF2-dependent 
protein synthesis, which is important in devel- 
opment and immunity but also is implicated in 
neurodegeneration, cancer, and autoimmunity. 
However, protein synthesis does not cease on all 
mRNAs during the ISR. Rather, eI[F2a phos- 
phorylation is required for expression of select 


—— 
tracer 
peptide 


mRNAs, such as ATF4 and CHOP, that harbor 
small upstream open reading frames (uORFs) 
in their 5’ untranslated regions (5' UTRs). Still 
other mRNAs sustain translation despite ISR 
activation. We developed tracing translation 
by T cells (8T) as an exquisitely sensitive tech- 
nique to probe the translational dynamics of 
uOBFs directly during the ISR. With 3T, we 
measured the peptide products of uORFs 
present in the 5’ UTR of the essential ER- 
resident chaperone, binding immunoglobulin 
protein (BiP), also known as heat shock pro- 
tein family A member 5 (HSPA5), and charac- 
terized their requirement for BiP expression 
during the ISR. 


RATIONALE: We repurposed the sensitivity 
and specificity of T cells to interrogate the 
translational capacity of RNA outside of an- 
notated protein coding sequences (CDSs). 3T 
relies on insertion of a tracer peptide coding 
sequence into a candidate DNA sequence. The 
resulting mRNAs harboring the nested tracer 
peptide coding sequence are translated to pro- 


[By No tracer peptide 
[By Tracer peptide 
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3T reveals the translational landscape of the genome outside of annotated coding sequences. 
Tracer peptide coding sequences are inserted into regions outside the annotated CDS, such as 
uORFs. When translated, they generate peptides that are transported into the ER, are loaded onto 
MHC I, and transit to the cell surface. T cell hybridomas that recognize the specific tracer peptide— 
MHC | complex become activated, which is detected using a colorimetric substrate. 
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duce tracer peptides. These translation prod- 
ucts are processed and loaded onto major 
histocompatibility complex class I (MHC I) 
molecules in the ER and transit to the cell 
surface, where they can be detected by specific 
T cell hybridomas that are activated and quan- 
tified using a colorimetric reagent. 3T provides 
an approach to interrogate the thousands of 
predicted uORFs in mammalian genomes, char- 
acterize the importance of uORF biology for 
regulation, and generate fundamental insights 
into uORF mutation-based diseases. 


RESULTS: 3T proved to be a sensitive and 
robust indicator of uORF expression. We mea- 
sured uORF expression in the 5’ UTR of 
mRNAs at multiple distinct regions, while 

simultaneously detecting 
expression of the CDS. We 
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at http://dx.doi. peptide expression from 
org/10.1126/ ATF4 mRNA and showed 
science.aad3867 that its translation per- 

sisted during the ISR. We 
applied 3T to study BiP expression, an ER 
chaperone stably synthesized during the ISR. 
We showed that the BiP 5’ UTR harbors 
uORFs that are exclusively initiated by UUG 
and CUG start codons. BiP uORF expression 
bypassed a requirement for eIF2 and was de- 
pendent on the alternative initiation factor 
eIF2A. Both translation of the UUG-initiated 
uORF and eIF2A were necessary for BiP ex- 
pression during the ISR. Unexpectedly, the 
products of uORF translation are predicted 
to generate MHC I peptides active in adaptive 
immunity. We propose that this phenomenon 
presents an extracellular signature during 
the ISR. 


CONCLUSION: Our findings introduce the 
notion that cells harbor a distinct translation 
initiation pathway to respond to a variety of 
environmental conditions and cellular dys- 
function. We showed that cells utilize a dis- 
tinct, e[F2A-mediated initiation pathway, which 
includes uORF translation, to sustain expres- 
sion of particular proteins during the ISR. 3T 
offers a valuable method to characterize the 
thousands of predicted translation events 
in 5’ UTRs and other noncoding RNAs and, 
expanded to a genome-wide scale, can com- 
plement ribosome profiling and mass spec- 
trometry in uORF and short ORF discovery. 
Our observations underscore the importance 
of translation outside of annotated CDSs 
and challenge the very definition of the U in 
5’ UTR. 
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Translated regions distinct from annotated coding sequences have emerged as essential 
elements of the proteome. This includes upstream open reading frames (UORFs) present in 
mRNAs controlled by the integrated stress response (ISR) that show “privileged” translation 
despite inhibited eukaryotic initiation factor 2-guanosine triphosphate—initiator methionyl 
transfer RNA (elF2-GTP-Met-tRNA;“). We developed tracing translation by T cells to directly 
measure the translation products of uUORFs during the ISR. We identified signature translation 
events from uORFs in the 5’ untranslated region of binding immunoglobulin protein (BiP) mRNA 
(also called heat shock 70-kilodalton protein 5 mRNA) that were not initiated at the start 
codon AUG. BiP expression during the ISR required both the alternative initiation factor elF2A 
and non-AUG- initiated uORFs. We propose that persistent uORF translation, for a variety of 
chaperones, shelters select mRNAs from the ISR, while simultaneously generating peptides that 
could serve as major histocompatibility complex class | ligands, marking cells for recognition by 


the adaptive immune system. 


omeostatic mechanisms facilitate adapta- 

tion to a variety of environmental condi- 

tions and cellular dysfunction. The integrated 

stress response (ISR) is one such mecha- 

nism, triggered when cells encounter an 
array of stress stimuli. These stimuli include 
misfolded proteins, which elicit the unfolded pro- 
tein response (UPR) and thereby activate the endo- 
plasmic reticulum (ER)-resident kinase (PERK) 
(1-3). In addition, three related kinases are ac- 
tivated by other stimuli, such as the interferon- 
induced double-stranded RNA (dsRNA)-dependent 
eIF2o kinase (PKR) (by viral infection) (4, 5); 
the general control nonderepressible 2 (GCN2) 
(by amino acid deprivation) (6); and the heme- 
regulated inhibitor kinase (HRI) (by heme de- 
ficiency, oxidative stress, heat shock, or osmotic 
shock) (7). Each of these conserved kinases ini- 
tiate the ISR by phosphorylating the same 
single residue (Ser51) on the o subunit of eukary- 
otic initiation factor 20 (eIF2a) and down-regulate 
translation initiation at AUG start codons by 
the eukaryotic initiation factor 2-guanosine 
triphosphate (GTP)-initiator methionyl trans- 
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fer RNA (tRNA) (eIF2-GTP:Met-tRNA;) ternary 
complex. Phosphorylation of eIF2a (eIF2a-P) in- 
hibits exchange of guanosine diphosphate for 
GTP by eIF2B, the dedicated eIF2 guanine nu- 
cleotide exchange factor, which causes inhibition 
of total protein synthesis (8). The blockade in 
translation is important for cell survival and the 
eventual switch into apoptosis if homeostasis 
cannot be reestablished. 

Although eIF2a-P limits global translation, it 
is required for the regulated expression of several 
proteins, such as activating transcription factor 4 
(ATF4 or CREB-2) (9-17) and C/EBP homologous 
protein (12, 13), that finely tune cell survival (14). 
These ISR-induced proteins are translated from 
mRNAs and harbor a series of upstream open 
reading frames (uORFs) in the 5’ untranslated 
region (5' UTR) that limit ribosome access to 
the main coding sequence (CDS), as first char- 
acterized in the budding yeast Saccharomyces 
cerevisiae (15). According to the prevailing mod- 
el, under normal growth conditions, ribosome ini- 
tiation occurs predominantly at uORFs, which 
prevents access to the downstream CDS. By con- 
trast, when the ISR is induced and eIF2a-P levels 
rise, stochastic ribosome bypass of the uORFs al- 
lows access to the downstream CDS AUG start 
codon. 

Another subset of mRNAs remains efficiently 
translated during the ISR. These include mRNAs 
encoding heat shock and UPR proteins (J, 16-18) 
and a variety of inflammatory cytokines in re- 
sponse to viral (79, 20) and bacterial (27) patho- 
gens. In the context of the UPR, for example, 
translation of mRNAs encoding ER chaperones 
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is imperative to alleviate ER stress. BiP [im- 
munoglobulin heavy chain-binding protein, also 
known as heat shock 70 kD protein (HSP70), 
heat shock protein family A member 5 (HSPAS5), 
or glucose-regulated protein 78] is an essential 
HSP70-type chaperone in the ER and is ex- 
pressed persistently during ER stress (22-24). 
It plays a role in cancer progression (25) and is 
a therapeutic target for a variety of diseases 
(26, 27). Yet, it has remained a mystery how BiP 
and other stress-response mRNAs escape trans- 
lational down-regulation imposed by the ISR. 
Elements in the 5’ UTRs, including internal ri- 
bosome entry sites (IRESs), uORFs, and nucle- 
otide modifications, have all been suggested to 
confer translational privilege to these mRNAs 
(28, 29). 

Recent genome-wide approaches predict that 
nearly half of all mammalian mRNAs harbor 
uOBFs in their 5’ UTRs, and many are initiated 
with non-AUG start codons (30-34). The pres- 
ence of uORFs in 5’ UTRs may reflect a general 
mechanism to regulate downstream CDS expres- 
sion, such as proto-oncogenes and growth factors 
(30), as well as other disease-causing proteins 
(35), including hereditary thrombocythemia (36-38). 
Given the abundance of uORFs and their po- 
tential for regulatory roles, as well as the emer- 
ging plethora of short open reading frames 
(sORFs) (39-41) with bioactive properties (42), 
we developed a method to measure translation 
from RNA regions outside of annotated CDSs 
systematically. 


Development of tracing translation 
by T cells (3T) to measure translation 
outside of annotated coding sequences 


Ribosome-profiling experiments reveal that 
mRNAs encoding stress-response proteins har- 
bor a particularly high abundance of uORFs 
(43, 44). Yet, despite the thousands of peptides 
predicted by ribosome profiling to be translated 
from uORFs, very few uORF peptides have been 
identified by mass spectrometry (45). Currently, 
there is considerable effort to improve proteomic 
approaches for the detection of peptides from 
uORFs and other sORFs (39). Here, we exploited 
the exquisite sensitivity and specificity of T cells 
to detect such translation products. 

We developed an approach, termed 3T, where 
cells are supplied with DNA vectors containing 
noncoding RNA elements, such as 5’ UTRs, har- 
boring sequences that encode tracer peptides 
(Fig. 1A). If the resulting RNA is translated, cells 
proteolytically process the translated polypeptides. 
The resulting peptides are then transported by 
the transporter associated with antigen process- 
ing (TAP) into the ER. In the ER, the peptides 
(also called antigens) are loaded onto major 
histocompatibility complex class I (MHC I) mol- 
ecules and displayed on the cell surface. We 
assessed presentation of the translated tracer 
peptide by MHC I by addition of a peptide-MHC 
I-cognate T cell hybridoma, engineered to ex- 
press LacZ from the interleukin 2 (IL-2) promoter 
under control of the N-FAT enhancer (46). En- 
gagement with tracer peptide-loaded MHC I 
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Fig. 1. 3T reveals the translational capacity of UORFs in 5’ UTRs. (A) Sche- — (B) UORF1(MYL8)—ATF4-luciferase detected with the BCZ103 Tcell hybridoma 


matic of 3T: A tracer peptide inserted into noncoding regions of the 5’ UTR, such 
as uORFs, followed by translation, peptide processing, and transport by TAP into 
the ER for loading onto MHC | molecules. The tracer peptide-MHC | complex 
transits to the cell surface and is recognized by a T cell hybridoma. Recognition 
of the tracer peptide—MHC | complex on the cell surface activates the T cell 
hybridoma, which is measured by a colorimetric assay and indicates the 
presence of a uORF translation product. Schematics of the ATF4 5’ UTR with 
nested tracer peptides. Plotted Tcell responses and colorimetric readout of the 
3T assay from tracer peptides generated from transfection of HeLa-K® cells with 


and (C) uUORF2(KOVAK)-ATF4-luciferase detected with the B3Z 1 


T cell hybridoma 


with simultaneous detection of ATF4-luciferase expression (D). Tcell responses 


from tracer peptides generated from uORF1(WI9)—ATF4-luc 
(WI9)-uORF2(KOVAK)-ATF4-luciferase, or UORF2(KOVAK)-ATF4- 


iferase, UORF1 
uciferase trans- 


fected (E) D®-L cells detected with the 11p9Z T cell hybridoma or (F) K°-L cells 
detected with the B3Z T cell hybridoma. 3T responses from UORF2(KOVAK)— 
ATF4-luciferase (detected with the B3Z T cell hybridoma) generated from mRNA 
transfection of HeLa-K® cells (G) and primary bone marrow-derived dendritic 


cells (H). Tce! 


| responses are representative of n = 3. Asgs, absorption at 595 nm. 


cells triggered LacZ expression, which resulted in 
production of its translation product, B-galactosidase. 
We detected B-galactosidase using its substrate, 
chlorophenol red-f-p-galactopyranoside (CPRG), 
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which yielded a red cleavage product. In the 
absence of tracer peptide, the T cell hybridoma 
did not engage cells, and LacZ was transcrip- 
tionally inactive (Fig. 1A) (47). 
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To validate 3T, we tested the coding capacity 
of the activating transcription factor 4 (ATF4) 5’ 
UTR, which contains well-characterized uORFs 
(fig. S1). To this end, we inserted tracer peptides 
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into two highly conserved uORFs that were pre- 
viously shown to regulate ATF4 expression in 
response to eIF2c phosphorylation (11, 48) (Fig. 
1, B and C, and fig. S1). To assess the levels of 
uORF translation, we transfected cells harbor- 
ing the appropriate MHC I with uORF (tracer 
peptide)-ATF4-luciferase constructs. We first 
nested the coding sequence for the peptide 
MTFNYRNL (MYLS8) (fig. S1) into uORF1 of 
ATF4-luciferase and the peptide KSIINFEHLK 
(KOVAK) (fig. S1) into uORF2. Both tracer pep- 
tides are presented by MHC I H-2K” (K° MHC I). 
We then added, as a titration of increasing cell 
numbers, an equal number of T cell hybridomas 
specific for the tracer peptides displayed [BCZ103 
for uORFIC(MYL8) or B3Z for utORF2(KOVAK)], 
followed by CPRG. As expected, T cell responses 
were only observed when the tracer peptide was 
present in either uORF (Fig. 1, B and C). 

The tracer peptide constructs allowed robust 
detection of translation from multiple different 
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Fig. 2. uUORFs are expressed during stress-induced expression of ATF4. (A) ATF4- 
luciferase levels during normal growth conditions were measured from HeLa-k? 
cells transfected with wild type-ATF4-luciferase, ATF4-luciferase constructs with 
tracer peptide insertions [UORFI(MYL8) or UORF2(KOVAK) tracer peptides], or a 
constitutively active ATF4-luciferase variant (means + SEM; n = 3 to 4). (B) Stress- 
induced ATF4-luciferase levels were measured from HeLa-k? cells transfected with 
wild type-ATF4-luciferase and ATF4-luciferase constructs with tracer peptide 
insertions [UORFI(MYL8) or UORF2(KOVAK) tracer peptides] and after treatments 
with tunicamycin (Tm) (1 ug/ml), Tg (1 uM), or Mutant SubAB or SubAB (0.2 ug/ml) 


regions of the mRNA. For example, we mea- 
sured ATF4-luciferase activity resulting from 
CDS translation (Fig. 1D) from cells expressing 
tracer peptides from either uORF1 or uORF2 
(Fig. 1, B and C, and fig. S2). Similarly, using the 
tracer peptide WMHHNMDLI (WI9), presented 
by MHC I H-2D° (D° MHC I) and detected by a 
different T cell hybridoma, we measured uORF1 
expression from either the uORF1(WI9) or the 
uORFI1(WI9)-uORF2(KOVAK) constructs (Fig. 1E). 
As expected, uORF2(KOVAK) generated a pep- 
tide that was only detected by the appropriate 
T cell hybridoma (compare Fig. 1, E and F). Sim- 
ilarly, the KOVAK tracer peptide was detected 
independently of its placement in uORF1 or 
uORF2 (Fig. 1F). 

3T can be adapted for detection of tracer pep- 
tides from mRNAs directly transfected into cells. 
In particular, we observed uORF2 tracer peptide 
expression from uORF2(KOVAK)-ATF4-luciferase 
mRNA (Fig. 1G). Furthermore, we readily ob- 


served tracer peptide expression from uORF2 
from primary bone marrow-derived dendritic 
cells after only a 3-hour mRNA transfection 
(Fig. 1H). These observations underscore the 
possibility that any mRNA and a diverse range 
of cell types can be used to measure uORF ex- 
pression, as long as the MHC I peptide presen- 
tation pathway is constitutively expressed in 
these cells. 

For 3T to reflect expression from distinct 
regions of the mRNA reliably, tracer peptide 
placement should not deregulate the expression 
of the main CDS during steady-state and stress 
conditions. Therefore, we tested CDS expression 
(ATF4-luciferase activity) from constructs bear- 
ing various uORF tracer peptide insertions. In- 
deed, insertion of tracer peptides into either 
uORFI1 or uORF2 or simultaneously into both 
uORFs did not substantially impair the inhibitory 
function of the uORFs, as assessed by luciferase 
activity compared with wild type-ATF4-luciferase 
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for 6 hours (means + SEM; n = 3 to 4). HeLa-k” cells from independent tracer peptide 
DNA transfections were treated with NaAsOz (10 uM) for 1 to 3 hours and analyzed by immunoblot (n = 3; *nonspecific ATF4-specific antibody signal) (C) or for 
luciferase expression from uORF2(KOVAK)-ATF4-luciferase—transfected cells (means + SD; n = 3 to 4) (D). Tracer peptide expression was measured from HeLa-K” 
cells transfected with either UORF1(MYL8)—ATF4 luciferase (E) or UORF2(KOVAK)—ATF4 luciferase (F) after treatment with NaAsOz (10 uM) (means + SD from 
two biological replicates are representative of n = 3). Stable UORF2(KOVAK)-ATF4-luciferase HeLa-k® cells were treated for 3 hours with NaAsO> (10 uM) and 
assayed for UORF2(KOVAK) tracer peptide expression (G) (means + SD from two biological replicates are representative of n = 3) or for ATF4-luciferase 
expression (H) (means + SEM; n = 3). Statistical significance was evaluated with the unpaired t test (NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). 
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Fig. 3. The BiP 5’ UTR harbors non—AUG-initiated uORFs constitutively expressed during the ISR. Cells 
treated with Mutant SubAB or SubAB (0.2 ug/ml) for 2 hours in HeLa-K® cells were analyzed by (A) immunoblot 


or (B) [°°S]Met-Cys pulse-labeled to measure total protein synthesis (means + SEM; n = 4). (C) SubAB-treated 


HeLa-K° cells (1 hour) followed by [°°S]Met-Cys pulse-labeling (1 hour) and BiP-FLAG immunoprecipitation («is full-length BiP and * indicates BiP cleavage products; 
data representative of n = 2). (D) Amino acid sequence alignment of the BiP 5’ UTR -190 uORF with non-AUG start codons. (E) Schematic of the BiP 5’ UTR with the 
tracer peptide LYL8 at the -190 UUG uORF. Translation of the -190 UUG uORF was measured from —190 UUG uORF tracer peptide BiP-FLAG-transfected HeLa-K> 
cells detected with the BCZ103 T cell hybridoma and compared with cells transfected with an identical construct containing an in-frame UAG stop codon inserted in 
the middle of the tracer peptide (see fig. S9) or transfected with a no-tracer peptide construct (BiP-FLAG) and (F) after treatment with NaAsOz (10 uM) for 3 hours 
(means + SD from two biological replicates and are representative of n = 3). (G) Schematic of the BiP 5’ UTR with the nested tracer peptide KOVAK in the -61 CUG 
uORF. Translation of the -61 CUG uORF was measured from —61 CUG uORF tracer peptide BiP-FLAG-transfected HeLa-k° cells detected with the B3Z T cell 
hybridoma and compared with cells transfected with an identical construct containing an in-frame UGA stop codon inserted after the -61 CUG UORF start codon 
but before the tracer peptide (see fig. S9) or transfected with a no-tracer peptide construct (BiP-FLAG) and (H) after treatment with NaAsO> (10 uM) for 3 hours 


(data are presented as means + SD of two biologica 


and a constitutively active variant of ATF4- 
luciferase (49) (Fig. 2A and fig. S3). 

To test whether control of ATF4 induction 
by the ISR was likewise intact in the reporter 
cell lines bearing the tracer peptide insertions, 
we exposed cells to subtilase cytotoxin (SubAB), a 
bacterial AB toxin that is endocytosed by cells 
and retrotransported to the ER lumen, where it 
destroys BiP by proteolysis (50). BiP destruction 
induced protein misfolding in the ER and PERK- 
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replicates and are representative of n = 3). 


catalyzed phosphorylation of eIF2a, which inhib- 
ited cellular translation (fig. S4A). The translation 
block was readily reversed by ISRIB, a small mol- 
ecule that overcomes the effects of eIF20 phos- 
phorylation (57-53) (fig. S4A). SubAB triggered 
PERK activation, expression of endogenous ATF4, 
elF2a phosphorylation (fig. S4B), and up-regulation 
of the plasmid-borne ATF4-luciferase reporter 
(fig. S4C). ISRIB inhibited endogenous ATF4 
expression and ATF4-luciferase expression, which 


29 JANUARY 2016 * VOL 351 ISSUE 6272 


indicated that the ATF4 transgene behaved like 
endogenous ATF4 (fig. $4). Furthermore, multiple 
UPR inducers stimulated ATF4-luciferase ex- 
pression equivalently from constructs harboring 
either a uORF1 or uORF2 tracer peptide (Fig. 
2B). These results indicate that tracer peptide 
placement does not compromise the control of 
ATF4 expression during ER stress. 

3T relies on proper processing of tracer pep- 
tides, including import into the ER and loading 
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onto MHC I molecules. To induce eIF2a phospho- 
rylation without disturbing the normal processes 
in the ER lumen, such as protein folding (com- 
promised by SubAB cleavage of BiP), or N-linked 
glycosylation (inhibited by tunicamycin), or di- 
rectly activating the T cell hybridomas [calcium 
fluxes with thapsigargin (Tg)], we treated cells 
with NaAsO,, an inducer of oxidative stress, which 
rapidly induces eIF2o phosphorylation and ATF4 
induction by activating cytosolic HRI (54). We ob- 
served rapid and robust expression of endogenous 
ATF4 without activation of PERK or altered ex- 
pression of BiP (Fig. 2C and fig. S5). Pertinent to 
the utility of 3T, ATF4-luciferase harboring a nested 
uORF2 tracer peptide showed the expected in- 
duction with NaAsO, treatment (Fig. 2D). Pep- 
tide expression from uORF'I (Fig. 2E) and uORF2 
(Fig. 2, F to H, and fig. S6) largely persisted when 
ATF4-luciferase was induced, a finding that dif- 
fers from studies with yeast GCN4 (55). However, 
the pervasive uORF2 peptide expression measured 
here is consistent with recent ribosome-profiling 
studies on ATF4 mRNA upon ISR induction 
(43, 44). These results validate 3T as a sensitive 
and robust indicator of uORF expression. As 
such, we next applied this method to ask wheth- 
er uORF translation is a general strategy that 
cells use to ensure privileged protein expression 
during the ISR. 


3T reveals a novel regulatory element 
in the 5’ UTR of BiP mRNA 


BiP synthesis, which is initiated at a standard 
AUG start codon (fig. S7), persists during ER 
stress, when the ISR is induced (56). To explore 
this phenomenon, we treated cells with SubAB, 
resulting in PERK activation, eIF2a phosphoryl- 
ation, and a massive reduction in protein syn- 
thesis (Fig. 3, A and B). As expected, treatment 
with a catalytically inactive form of SubAB (Mut 
SubAB) did not result in ISR induction (Fig. 3, A 
and B, and fig. S8). To assess directly whether BiP 
is synthesized after onset of the ISR, we trans- 
fected cells with DNA encoding FLAG-tagged 
BiP [or BiP(L416D)-FLAG, a SubAB-resistant 
mutant] and treated them with Mut SubAB or 
SubAB. We next pulse-labeled cells with [°°S] 
Met-Cys to label newly synthesized proteins, 
followed by immunoprecipitation of BiP. In 
agreement with previous results, BiP from both 
constructs was readily synthesized despite ISR 
induction (Fig. 3C). Thus, elements other than 
conventional initiation at the annotated BiP 
AUG start codon or its CDS may be required to 
ensure privileged expression during the UPR. 
Recent ribosome profiling measurements in- 
dicate that BiP mRNA shows substantial levels of 
ribosome occupancy in the 5’ UTR (33). The most 
prominent ribosome initiation signal was de- 
tected at an UUG codon at position -190 (relative 
to BiP coding sequence +1 AUG), encoding a pu- 
tative nine-amino acid peptide (Fig. 3D and fig. 
S9A). To test whether this predicted uORF is 
translated, we nested a tracer peptide [LTFNYRNL 
(LYL8)] in the -190 UUG uORF (Fig. 3D), which 
did not alter the expression of BiP during basal 
conditions or its targeting to the ER as assayed 
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by SubAB sensitivity (fig. S1OA). When assessed 
by 3T, we readily detected the -190 UUG leucine 
codon-initiated expression of the tracer peptide 
(Fig. 3E). Translation of the -190 UUG uORF 
persisted upon eIF2o phosphorylation induced 
by NaAsO, treatment (Fig. 3F). Given that an UUG 
codon codes for leucine and that leucine initiation 
is resistant to NaAsO, treatment and reduced 
eIF2-GTP-Met-tRNA;M levels (57, 58), a non- 
canonical UUG or CUG initiation mechanism 
may function in the BiP 5’ UTR. 

We similarly tested expression of the nested 
KOVAK tracer peptide in the predicted -61 leu- 
cine CUG-initiated uORF in the BiP 5’ UTR (33) 
(Fig. 3G and fig. SOB). This uORF is out of frame 
with the BiP AUG-initiated CDS. Indeed, the -61 
CUG-initiated wORF supports expression of a 
peptide in cells when present out of frame (Fig. 
3G) or in frame with the BiP coding sequence 
(fig. S10, A and B). Expression of the -61 CUG 
uORF was not markedly reduced in the pres- 
ence of NaAsO, (Fig. 3H), which suggests that 
multiple noncanonical initiation events are in- 
volved in sustaining BiP expression during stress. 


BiP uORF expression is regulated 
by elF2A 


The alternative initiation factor e[F2A, a mono- 
meric protein structurally and functionally distinct 
from the trimeric eIF2, coordinates noncanon- 
ical leucine (CUG) initiation (58) and expression 
of a CUG leucine-initiated phosphatase and 
tensin homolog deleted on chromosome 10 iso- 
form (59). Given these findings, we examined 
the consequences of eIF2A depletion on -190 
UUG uORF and BiP expression. Although when 
eIF2A is depleted (eIF2A knockdown) with small 
interfering RNA (siRNA), this did not measur- 
ably impair global protein synthesis (fig. S11), 
and it substantially impaired expression of the 
-190 UUG uORF (Fig. 4A and fig. S12), which 
required nearly 40% more tracer-expressing cells 
to stimulate T cells to a half-maximal response 
(Fig. 4B). This observation is consistent with a 
requirement for eI[F2A-dependent initiation of 
the BiP -190 UUG uORF, which may regulate the 
levels of BiP. 

Indeed, siRNA knockdown of eIF2A (Fig. 4C) 
measurably compromised expression of BiP-FLAG, 
during induction of the ISR with Tg, an ER stress 
inducer (Fig. 4D, lane 4, and 4E); deregulated the 
steady-state levels of endogenous BiP; and com- 
promised its expression during the ISR (fig. 
$13). Notably, deletion of the -190 UUG uORF 
concurrently with eIF2A siRNA knockdown dra- 
matically impaired the expression of BiP in ER- 
stressed cells (Fig. 4F, lane 4, and 4G). Moreover, 
the expression of eIF2A was induced by SubAB 
in our cell model (Fig. 4, H and J) and in primary 
mouse dendritic cells in response to a variety of 
other stresses (Fig. 4J). In these cells, eI[F2A was 
induced by polyd:C) and lipopolysaccharide 
(LPS) (which are activators of PKR) and the small 
molecule NSC119893 that blocks Met-tRNAM“* 
binding to eIF2 and compromises canonical AUG- 
dependent, but not noncanonical, initiation 
(58, 60). eIF2A up-regulation during acute loss 
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of eIF2:GTP-Met-tRNA ternary complex caused 
by NSC119893 and dependence on eIF2A for -190 
UUG uORF expression are consistent with a re- 
quirement for eIF2A in order for BiP to be ex- 
pressed during cellular stress (Fig. 4K). 


uORFs harbor predicted HLA epitopes 


In addition to regulating BiP levels during stress, 
the peptide translated from the -190 UUG uORF 
is predicted (67) to be a potent human leukocyte 
antigen (HLA)-presented epitope (human MHC 
I-peptide) recognized by human T cells (Fig. 5A 
and fig. S14), as is a peptide potentially generated 
by translation and processing of the -61 CUG 
uORF (fig. S14). Peptide expression from these 
uORFs, during basal and/or ISR conditions, sug- 
gested that there may be widespread peptide ex- 
pression that could serve a variety of extracellular 
regulatory roles, such as HLA presentation, yet 
escape detection by currently available techniques, 
as these peptides are smaller than 10 kD. 

To begin to assess the prevalence of these 
translation events, we measured the presence of 
peptides under conditions of limiting ternary 
complex using a global readout of their abun- 
dance. To this end, we measured diffusion of 
green fluorescent protein (GFP)-labeled TAP 
after photobleaching (TAP-FRAP) (62) (Fig. 5B). 
TAP is an ER-resident adenosine triphosphate- 
binding cassette transporter that consists of two 
subunits, TAP1 and TAP2. Antigenic precursor 
peptides are transported from the cytosol into 
the ER lumen by TAP (63) and loaded onto 
MHC I molecules with the aid of ER-resident 
chaperones (64). Note that the mobility of TAP 
in the ER membrane depends on peptide abun- 
dance. When peptides are lacking, TAP mobility 
in the ER membrane is measurably enhanced, 
which is indicative of peptide engagement and, 
hence, provides a robust readout for peptide 
abundance (62). We treated cells with NSC119893 
to induce the ISR and block eIF2-mediated ini- 
tiation or with cycloheximide (CHX) to globally 
inhibit translation (Fig. 5C). As expected, BiP 
expression was not inhibited by NSC119893 but 
was by other translation inhibitors (Fig. 5D and 
fig. S15). In the TAP-FRAP assay, untreated cells 
showed baseline levels of TAP diffusion, indica- 
tive of high peptide availability and TAP engage- 
ment, as shown by dimethyl sulfoxide (DMSO) 
(Fig. 5E). As previously shown (62), CHX inhib- 
ited peptide supply and, therefore, enhanced 
TAP diffusion (Fig. 5E). By contrast, treatment 
with NSC119893 showed only a modest increase 
in TAP diffusion (Fig. 5E), which was substan- 
tially less than that observed with CHX, despite 
an equivalent reduction of full-length protein 
synthesis as assayed by [*°S]Met-Cys incorpora- 
tion (Fig. 5C). These results provide independent 
evidence for the ubiquitous presence of newly 
synthesized peptides during normal growth and 
ISR conditions. 

Stress-resistant expression is a common fea- 
ture of chaperones and heat shock proteins (65), 
with the 5’ UTR often necessary and sufficient 
to reconstitute expression during stress (66, 67). 
We examined ribosome profiling data (33) for a 
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Fig. 4. elF2A and 5' UTR uORFs are required for sustained BiP expres- 
sion during the ISR. (A) Translation of the -190 UUG UORF from -—190 UUG 
uORF tracer peptide (LYL8) BiP-FLAG-transfected HeLa-Kk° cells after 48 hours 
siRNA knockdown detected with the BCZ103 T cell hybridoma and compared 
with cells transfected with a no-tracer peptide construct (data are presented 
as means + SD of two biological replicates and are representative of n = 4). 
Inset shows an immunoblot for elF2A knockdown and a B-actin loading control. 
(B) Relative number of cells required to achieve half-maximal T cell response 
for -190 UUG UORF expression with elF2A siRNA knockdown (mean + SEM; 
n=A4). Expression of BiP-FLAG analyzed by immunoblot from BiP-FLAG (D and E) 
or UORF mutant BiP-FLAG (F and G) transfected HeLa-K? cells after 48 hours 
of siRNA knockdown (C) and treatment with DMSO or Tg (1 uM) for 3 hours 
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(n = 3). BiP levels are presented relative to untreated for each siRNA. (H and 1) 
HeLa-k® cells treated with Mut SubAB or SubAB (0.2 ug/ml) for 2 hours and 
analyzed by immunoblot for elF2A expression (*nonspecific anti-elF2A 
antibody signal) (means + SEM; n = 3). (J) Primary bone marrow-derived 
dendritic cells analyzed by immunoblot for elF2A expression after treatment 
with NSC119893 (50 uM), poly(I:C) (ug/ml), or LPS (Lug/ml) for 3 hours (n = 2). 
(K) Working model for UORF translation regulation of BIP CDS expression. 
During normal growth conditions, BiP CDS expression is not dependent on 
UuORF translation and elF2A. Stress up-regulates elF2a-P levels, leads to ele- 
vated elF2A levels, and leads to constitutive UORF translation, which positively 
regulates BiP CDS expression. Statistical significance was evaluated with 
the unpaired t test (*P < 0.05; **P < 0.01) 
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Fig. 5. Peptides translated from uORFs and other RNAs during the 
ISR are predicted to be MHC | peptides. (A) HLA epitope (human MHC |) 
prediction from translation of the BiP 5’ UTR -190 UUG UORF using the 
immune epitope database (IEDB) analysis resource consensus tool (94). 
(B) Schematic for TAP diffusion [TAP1(GFP)-TAP2 complex] in the ER in the 
presence or absence of peptides. (C) Meljuso cells stably expressing TAPI- 
GFP (62) treated for 1 hour with NSC119893 (25 uM) or CHX (50 ug/ml) or 
(D) HeLa-k° cells treated for 8 hours with bruceantin (100 nM); NSC119893 


(50 uM, replenished every 2 hours); or CHX 100 pg/ml were labeled with [°°S] 
Met-Cys (n = 3). (E) Meljuso cells stably expressing TAP1-GFP were treated 
with either NSC119893 or CHX and imaged using fluorescence confocal 
microscopy for lateral mobility of TAP with treatment (means + SEM; n = 4 to 
7). (F) uORFs predicted from ribosome profiling of chaperone mRNAs (33) 
generate peptides predicted to be HLA epitopes using the IEDB resource 
consensus tool (94). Statistical significance was evaluated with the unpaired 
t test (***P < 0.001). 


variety of chaperones to identify non-AUG uORFs 
in their 5’ UTRs. This analysis revealed that 
UUG- and CUG-initiated uORFs are present in 
the 5’ UTR of a variety of human chaperones 
(Fig. 5F). Furthermore, several of these uORFs 
encode peptides, which, after cellular process- 
ing, are predicted to be bound by HLA with 
strong affinity (Fig. 5F). Taken together, our 
results suggest that the HLA peptide repertoire 
is larger than previously predicted and includes 
peptides derived from 5’ UTR uORFs that may be 
selectively translated under stress conditions. 


Discussion 


Here, we exploited the sensitivity and specificity 
of T cells to assess whether translation occurs 
outside of the standard protein CDS using 3T. 
The basis for 3T is the insertion of a tracer pep- 
tide coding sequence, known to be presented by 
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MHC I to T cells, into a predefined DNA se- 
quence, which is transcribed into mRNA and 
translated by ribosomes. The translated tracer 
peptides, whether nested in a polypeptide or 
translated from their own ORFs, are efficiently 
processed and loaded onto MHC I molecules in 
the ER and travel to the cell surface, where the 
peptide-MHC I complex is detected by exquis- 
itely specific and sensitive T cell hybridomas. 
This candidate approach allows customized in- 
sertion of tracer peptides into any region of the 
genome and is amenable to genome tiling of 
tracer peptides for large-scale discovery and val- 
idation of translated uORFs, sORFs, protein iso- 
forms, and “noncoding” RNAs, such as introns, 
long noncoding RNAs, and 3’ UTRs. 

We validated 3T by detecting translated pep- 
tides from the uORFs of ATF4, a transcription 
factor only expressed during the ISR. We mea- 
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sured a high degree of peptide expression from 
both ATF4 uORF1 and uORF2 during both 
normal growth and stress conditions, a finding 
recently predicted from ribosome profiling mea- 
surements (43, 44). The high degree of uORF 
expression during stress, however, was not pre- 
dicted on the basis of the current reinitiation 
model for ATF4 expression (77) or the related 
yeast homolog GCN4 during stress (55). In this 
model, the small ribosomal subunit is expected 
to remain mRNA bound and scans past uORF2 
and acquires eIF2:GTP-Met-tRNA; and the 
large ribosomal subunit in time for initiation at 
the conventional AUG start codon of the CDS. 
Our measurements indicate either that reinitiation 
commences after only a few ribosomes skip 
uORF? or that translation of the ATF4 CDS is a 
combination of reinitiation and scanning past 
the uORFs (“leaky scanning”), two events that 
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are technically challenging to distinguish (45). 
Our finding that uORFs are constitutively ex- 
pressed during stress and limiting eIF2-GTP- 
Met-tRNA;™ levels prompts us to speculate that 
uORF translation might serve an additional role 
during the ISR, which provides an explanation 
for the high level of ribosome occupancy within 
the 5’ UTRs of mRNAs expressed during stress 
(43). Constitutive uORF expression could thus pro- 
tect mRNAs from translational down-regulation 
during stress and thereby serve to control gene 
expression. 

Using 3T, we showed that BiP harbors uORFs 
that are constitutively translated during stress. 
By contrast to the AUG-initiated uORFs of ATF4, 
BiP 5’ UTR uOBFs are exclusively initiated by the 
non-AUG leucine codons UUG and CUG. Expres- 
sion of the -190 UUG uORF from the BiP 5’ UTR 
requires the alternative initiation factor eIF2A. 
By contrast to initiation with the conventional 
elF2-GTP-Met-tRNA ternary complex, eI[F2A 
is a monomer and does not bind GTP (68). In 
addition to initiation at CUG start codons (58, 59), 
eIF2A is required for initiation at the AUG start 
codon of a hepatitis C virus internal ribosome 
entry site (IRES) reporter (69) and viral proteins 
from the Sindbis alphavirus (70), during stress 
conditions and high levels of eIF2a phosphoryl- 
ation. Stress-induced eIF2A could substitute for 
elF2 during initiation at the BiP AUG start codon. 
Our data support a model where eIF2A and a 
combination of uORFs maintain the levels of 
BiP synergistically during translational attenua- 
tion accompanying cellular stress. We propose 
that elevated levels of eIF2A, as we observed upon 
ISR induction, protect BiP mRNA from trans- 
lational shutdown upon elF2a phosphorylation. 

It was suggested previously that BiP mRNA 
harbors an IRES in its 5’ UTR, required for BiP 
expression during continuous heat shock (77, 72). 
Our data reveal an added level of regulation 
within the BiP 5’ UTR wherein persistent, non- 
canonical uORF translation and eIF2A function 
as a cis-acting regulatory element necessary for 
privileged BiP expression during stress. The role 
for eIF2A and noncanonical initiation in the 5’ 
UTR during ribosome scanning of cellular mRNAs 
is an emerging property of translational regu- 
lation (59), which highlights a new translational 
mechanism used during the integrated stress re- 
sponse. These findings add to a growing list of 
alternative initiation events, such as initiation from 
structured 5’ UTRs with DEAD/DExH-box pro- 
teins (73, 74) or eIF2-independent recruitment 
of Met-tRNA;“™ on viral mRNAs by Ligatin and 
MCT-1 or DENR (75). The observation that other 
chaperones, also stably expressed during stress, 
harbor non-AUG-initiated uORFs in the 5’ UTR 
indicates that uORF expression may be a general 
mechanism used to regulate the synthesis of pro- 
teins necessary during the ISR. Thus, substantial 
evidence now suggests that uORFs are required for 
regulation of CDSs and that uORF mutations are 
linked to a number of diseases [reviewed in (45)]. 

The notion that some uORF peptides fall out- 
side the detectable range of mass spectrometry 
analysis because of their short length or selective 
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proteolysis (76) presents an advantage for 3T. 
The TAP channel readily transports short pep- 
tides into the ER for the peptide-loading complex, 
which is poised to efficiently facilitate loading 
onto MHC I molecules. Therefore, the detection 
of translated products from very short uORFs, 
such as ATF4 uORFI (three amino acids), is ideal 
for 3T, because the entirety of the translated 
uORF serves to generate the mature peptide 
for MHC I loading and subsequent detection by 
T cells. Additionally, the uORF products with 
short half-lives that are efficiently processed 
serve to enhance the sensitivity of 3T, because 
proteolysis is required before TAP transport and 
MHC I loading. Last, the 3T assay is exquisitely 
sensitive because of the inherent sensitivity of T 
cells that can detect even a few copies of the 
peptide-MHC I and trigger the LacZ response 
(46, 77). 

The apparent disconnect between the number 
of translated uORFs predicted by ribosome pro- 
filing (32, 33) and the number of translated 
uORFs identified by mass spectrometry is like- 
ly explained by the challenges encountered by 
extensive mass spectrometry analysis of HLA- 
bound peptides over the years (78, 79). These 
HLA-associated peptide analyses have revealed 
that mass spectrometry analysis is unlikely to 
capture all the different peptides presented by 
MHC I molecules for a variety of reasons. Early 
analyses predicted that 10,000 to 20,000 dif- 
ferent peptides are presented on the cell sur- 
face by both MHC I and MHC II molecules, 
although recent estimates suggest that MHC I 
alone could display between 30,000 and 120,000 
peptides on each cell surface (80). An analogous 
disconnect is observed between the 42,271 human 
sORFs (40 to 100 amino acids long) predicted by 
ribosome profiling (47) and the 1259 alternative 
proteins detected by mass spectrometry (87). Ab- 
solute peptide abundance may limit the recovery 
of some peptides if they are present at low copy 
numbers, such as 1 to 1000 molecules per cell 
(39, 78, 82). Furthermore, assignment of pep- 
tides from low-molecular-weight precursors (less 
than 100 amino acids) by mass spectrometry is 
limited by the presence of many unidentified ion 
peaks and the lack of comprehensive low-molecular- 
weight reference databases (83), which is currently 
being addressed (8/7, 83). In addition, standard 
assignment of recovered HLA-bound peptides is 
typically performed by alignment with the CDS of 
the mRNA (78, 79) not to regions outside the 
annotated open reading frames. Examples of 
MHC I peptides generated from translation of 
noncoding RNA—such as 5’ UTRs, introns, and 
intron-exon junctions (84)—highlight the need 
to explore regions outside of the CDS for sources 
of MHC I peptides and other bioactive pep- 
tides. The recent reports of non-AUG start codon 
initiation (58, 59, 67) suggest that standard pep- 
tide alignments should also include ORFs ini- 
tiated with CUG, UUG, and other non-AUG 
start codons, whether inside or outside of the 
annotated CDS (87). 

Discovery of uORF translation from the 5’ 
UTR of BiP and prediction of uORF translation 


in other stress-related chaperones could gener- 
ate a pool of peptides that serve a variety of bio- 
logical functions. For example, uORF peptides 
may shape the immune response as self-antigens 
during cancer progression and autoimmune dis- 
ease (80). Indeed, nonmutant tumor antigens 
generate physiologically relevant immune re- 
sponses for cancer immunotherapy (85). There- 
fore, a reexamination of HLA-associated peptide 
libraries (78) promises to uncover peptides that 
are generated from translation outside of anno- 
tated CDS, such as uORFs initiated with non- 
AUG start codons. Translated uORFs could also 
generate bioactive peptides that directly or in- 
directly regulate expression of the main CDS, as 
seen with the peptide translated from the uORF 
in S-adenosylmethionine decarboxylase mRNA 
(86), or function in signaling pathways, such as 
Toddler—a short, secreted peptide essential for 
embryogenesis (42). 

3T offers a robust approach for characteri- 
zation of the numerous predicted translation 
events in 5’ UTRs and other noncoding RNA 
(32, 33). These results emphasize the impor- 
tance of translated regulatory features in 5' UTRs, 
which regulate translational control of the down- 
stream CDS, as indicated by a variety of disease- 
causing 5’ UTR uORF mutations (35). We propose 
that this phenomenon presents an extracellular 
signature during the ISR to modulate T cell im- 
mune responses (84). 
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STRUCTURAL BIOLOGY 


The 3.8 A structure of the U4/U6.U5 
tri-snRNP: Insights into spliceosome 
assembly and catalysis 


Ruixue Wan,’* Chuangye Yan,’* Rui Bai,’ Lin Wang,' Min Huang,” 
Catherine C. L. Wong,” Yigong Shi"+ 


Splicing of precursor messenger RNA is accomplished by a dynamic megacomplex known as 
the spliceosome. Assembly of a functional spliceosome requires a preassembled U4/U6.U5 
tri-snRNP complex, which comprises the U5 small nuclear ribonucleoprotein (snRNP), the 
U4 and U6 small nuclear RNA (snRNA) duplex, and a number of protein factors. Here we 
report the three-dimensional structure of a Saccharomyces cerevisiae U4/U6.U5 tri-snRNP 
at an overall resolution of 3.8 angstroms by single-particle electron cryomicroscopy. The 
local resolution for the core regions of the tri-snRNP reaches 3.0 to 3.5 angstroms, allowing 
construction of a refined atomic model. Our structure contains U5 snRNA, the extensively 
base-paired U4/U6 snRNA, and 30 proteins including Prp8 and Snu114, which amount to 
8495 amino acids and 263 nucleotides with a combined molecular mass of ~1 megadalton. 
The catalytic nucleotide U80 from U6 snRNA exists in an inactive conformation, stabilized 
by its base-pairing interactions with U4 snRNA and protected by Prp3. Pre-messenger 
RNA is bound in the tri-snRNP through base-pairing interactions with U6 snRNA and loop | 
of U5 snRNA. This structure, together with that of the spliceosome, reveals the molecular 


choreography of the snRNAs in the activation process of the spliceosomal ribozyme. 


nthe precursor MRNA (pre-mRNA) of eukary- 

otes, the protein-coding sequences, termed 

exons, are interrupted by noncoding se- 

quences known as introns (J, 2). Pre-mRNA 

splicing, involving the removal of introns 
and the ligation of neighboring exons, is carried 
out by a dynamic, multi-megadalton ribonucleo- 
protein (RNP) complex known as the spliceosome 
(3). Each splicing cycle entails two sequential 
transesterification reactions, with the first pro- 
ducing a free 5’-exon and an intron lariat-3’-exon 
and the second resulting in a freed intron lariat 
and a joined 5’-exon-3’-exon (4). The spliceosome 
responsible for these two reactions consists of U2 
and U5 small nuclear RNPs (snRNPs), U6 small 
nuclear RNA (snRNA), and a large number of ad- 
ditional proteins (5, 6). Assembly of the catalytically 
active spliceosome, however, requires a series of 
concerted steps, with the U4/U6.U5 tri-snRNP 
playing an indispensable role (7-9). 

According to the prevailing model, U1 snRNP 
recognizes the 5’ splice site (5’SS) of an intron, 
and U2 snRNP binds to the branch point se- 
quence and 3’ splice site (3’SS) of the same in- 
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tron, forming the prespliceosomal complex (the A 
complex) (7). The preassembled tri-snRNP com- 
prises U5 snRNA, the base-paired U4/U6 snRNAs, 
and more than 30 proteins, including the key 
factors Prp8 (Spp42 in Schizosaccharomyces 
pombe), Brr2, and Snull14 (Cwfl10 in S. pombe). 
Binding of the U4/U6.U5 tri-snRNP to the A 
complex results in the formation of the pre- 
catalytic B complex. Subsequent RNP rearrange- 
ment leads to dissociation of the Ul and U4 
snRNPs and the recruitment of many additional 
proteins, producing the activated B complex 
(B*") and then the catalytically competent B* 
complex. During this process, the U4/U6 duplex 
is unwound, allowing U6 snRNA to extensively 
base-pair with U2 snRNA. The B* complex cat- 
alyzes the first transesterification reaction, ending 
with the C complex, which contains a free 5'-exon 
and an intron lariat-3’-exon (7). The C complex 
carries out the second transesterification reac- 
tion, resulting in the ligation of two exons and 
formation of the postcatalytic P complex. Re- 
lease of the ligated exon generates the intron- 
lariat spliceosomal complex. In the last step, the 
intron lariat is released, and the protein and 
RNA components are recycled, a sizable frac- 
tion of which reassemble into the U4/U6.U5 
tri-snRNP (7). 

The spliceosome was thought to be a protein- 
directed metalloenzyme (J0-12), with two cata- 
lytic magnesium (Mg?*) ions coordinated by 
conserved nucleotides in the intramolecular stem 
loop (ISL) of U6 snRNA (13, 14). These predicted 


features are observed in the recent electron 
cryomicroscopy (cryo-EM) structure of a yeast 
spliceosome at 3.6 A resolution (15, 16). The 
spliceosomal catalytic center comprises helix I 
of the U2/U6 snRNA duplex, ISL of U6 snRNA, 
loop I of U5 snRNA, and Mg”* ions, all of which 
are located in a positively charged surface cavity 
in Prp8 (15, 16). In the U4/U6.U5 tri-snRNP, how- 
ever, U6 snRNA is thought to exist in an inactive 
conformation through extensive base-pairing inter- 
actions with U4 snRNA (7, 17). Elucidation of the 
tri-snRNP structure is essential for a mechanistic 
understanding of spliceosomal assembly and U6 
snRNA activation. 

The dynamic nature and large size of the splice- 
osomal complexes have made detailed structural 
investigation a daunting challenge (8). Earlier EM 
studies of the human and yeast tri-snRNPs, at 
resolutions of 21 A or lower, revealed the overall 
shape and global features (78, 19). More recently, 
the cryo-EM structure of a U4/U6.U5 tri-snRNP 
from Saccharomyces cerevisiae, determined at 
5.9 A resolution, has allowed positional identi- 
fication of many proteins and the snRNA com- 
ponents; secondary structural elements are also 
discernible for many protein components in the 
tri-snRNP (20). Despite these encouraging ad- 
vances, the relatively low resolution revealed few 
features of amino acid side chains or nucleotides 
(20), precluding the generation of an atomic 
model for the tri-snRNP. 


Isolation and characterization of the 
U4/U6.U5 tri-snRNP 


Six protein components of the U4/U6.U5 tri- 
snRNP, each tagged with protein A and calmod- 
ulin binding peptide at the C terminus, were 
individually introduced into S. cerevisiae to enable 
screening of protein expression and pulling down 
of endogenous tri-snRNP. The best outcome 
obtained was for Prp6, a protein required for 
accumulation of the tri-snRNP (27). We purified 
~260 ug of spliceosomal U4/U6.U5 tri-snRNP 
from 36 liters of S. cerevisiae culture (see the 
supplementary materials; fig. SIA). The purified 
tri-snRNP was eluted from gel filtration as a 
single peak (fig. SIB) and contained three major 
RNA species (fig. S1C). The lengths of these RNA 
molecules are consistent with those of U4, U5, 
and U6 snRNAs from S. cerevisiae. The purified 
tri-snRNP included a large number of proteins 
(fig. SID), and the negatively stained sample ap- 
peared in EM to contain mostly homogeneous 
particles (fig. SIE). The EM sample was confirmed 
by mass spectrometry to include all core compo- 
nents of the U4/U6.U5 tri-snRNP (figs. SIF and 
S2) (22). 

The presence of U4, U5, and U6 snRNAs in 
the purified tri-snRNP sample was confirmed 
by Northern blots using specific DNA probes 
(fig. S3). Increasing the exposure time by 50 times 
also revealed U2 and U1 snRNAs, suggesting the 
presence of a very small amount of other contam- 
inating complexes. The tri-snRNP particles were 
disassembled upon incubation with ATP (aden- 
osine triphosphate) but not with ADP (adenosine 
diphosphate) or the nonhydrolyzable analog 
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AMPPNP (adenosine 5’-(B,y-imido)triphosphate) 
(fig. S4). These results suggest a role of ATP 
hydrolysis-dependent unwinding of the U4/U6 
duplex by the ATPase (adenosine triphosphatase)/ 
helicase Brr2. The presence of GDP (guanosine 
diphosphate), which is known to inhibit the Brr2- 
activating function of Snull4 (23), appears to in- 
hibit the disassembly of tri-snRNP in the presence 
of ATP (fig. S4A). These findings confirm that 
the vast majority of the particles observed by 
means of EM belong to tri-snRNP. To facilitate 
future structural assignment, we chemically cross- 
linked the tri-snRNP and performed mass spec- 
trometry analysis on the resulting complex. This 
analysis uncovered 104 pairs of intermolecular 
interactions among the protein components of 
the tri-snRNP (fig. S5). 


EM analysis of the U4/U6.U5 tri-snRNP 


The U4/U6.U5 tri-snRNP sample was imaged 
under cryogenic conditions with a K2 direct 
electron detector mounted on a Titan Krios mi- 
croscope operating at 300 kV. A total of 3141 
micrographs were collected (Fig. 1A and table S1); 
635,850 semi-autopicked particles were subjected 
to particle sorting, reference-free two-dimensional 
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(2D) classification, and 3D classification (Fig. 1B 
and fig. S6). Using a published protocol (15), we 
manually picked more particles. After two rounds 
of 3D classification, 207,238 particles were used 
to produce a cryo-EM map at an average reso- 
lution of 4.5 A (fig. $6). After particle polishing 
and an additional round of 3D classification, 
172,134 particles gave a final reconstruction at an 
average resolution of 3.8 A on the basis of the 
gold-standard Fourier shell correlation (FSC) cri- 
terion (Fig. 1, C and D, and fig. $7). Application of 
soft masks improved the resolutions of local maps 
to 3.4 to 3.8 A, with the central regions of the tri- 
snRNP reaching 3.0 to 3.5 A (figs. S8 and S9). 
Throughout the tri-snRNP, most secondary struc- 
tural elements in the protein components are 
visible, and ~70% of all amino acids in the core 
regions of tri-snRNP exhibit discernible side chain 
features (figs. S10 to S12). Both U4/U6 snRNA 
duplex and U5 snRNA are well resolved in cryo- 
EM maps, which, together with prior knowledge 
of specific base-pairing interactions, allows se- 
quence assignment (fig. S13). 

Using a combination of homologous structure 
docking and de novo assignment, we generated 
an atomic model for the spliceosomal U4/U6.U5 


Cut-through 
“ section 
of U4/U6 


Fig. 1. Cryo-EM analysis of the spliceosomal U4/U6.U5 tri-snRNP from S. cerevisiae. (A) A rep- 
resentative cryo-EM micrograph of the yeast spliceosomal U4/U6.U5 tri-snRNP. The low image contrast 
made it challenging to manually pick particles. An entire micrograph is shown. Scale bar, 30 nm. (B) Rep- 
resentative 2D class averages of the yeast spliceosomal U4/U6.U5 tri-snRNP. (C) The overall resolution is 
estimated to be 3.81 A on the basis of the FSC criterion of 0.143. (D) An overall view of the cryo-EM maps for 
the yeast spliceosomal U4/U6.U5 tri-snRNP. The resolution is color-coded for different regions of the com- 
plex. A cross section of the tri-snRNP surface view is shown in the inset. The resolution reaches to 3.0 to 
3.5 A for the core regions of the U4/U6.U5 tri-snRNP, including but not limited to the U4/U6 snRNA duplex, 
protein components of U4 snRNP, much of U5 snRNA, the bulk of Prp8, and Snull4. 
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tri-snRNP that includes most known components 
(Fig. 2, A and B). The final refined model of 
the tri-snRNP contains 8495 amino acids from 
30 proteins and three snRNA molecules (Fig. 2B 
and tables S1 to S3), with a combined molecular 
mass just exceeding 1.0 MD. The full-length 
U4/U6 and U5 snRNAs contain a total of 486 nu- 
cleotides (nt), of which 243 have been tenta- 
tively assigned in our structure. Some very weak 
cryo-EM maps, probably reflecting dynamic com- 
ponents of the tri-snRNP, remain unassigned. Our 
atomic model includes 18 protein components 
of U4/U6 snRNP, all 11 core proteins of U5 snRNP, 
and the tri-snRNP-specific protein Prpé6. 


Overall structure of U4/U6.U5 tri-snRNP 


The spliceosomal U4/U6.U5 tri-snRNP complex 
has a triangular appearance, with U5 snRNP 
constituting both the center and two corners of 
the triangle and spanning the longest dimension 
of ~315 A (Fig. 2 and fig. S14). One end of U5 
snRNP, comprising Snull4 and the U5 Sm ring, 
is resolved in the overall cryo-EM maps (Fig. 1D) 
and exhibits well-defined structural features in the 
improved local map (figs. S8 and S11). The other 
end of U5 snRNP, however, appears to be highly 
flexible (Fig. 1D); this end contains the helicase/ 
ATPase Brr2 and the U4 Sm ring and is linked 
to the center of tri-snRNP mainly through the 
Jab1/MPN domain of Prp8 (Fig. 2). This region 
has a relatively low resolution of 7.9 A even after 
the application of a local mask (fig. S8). Relative 
to its longest side, the tri-snRNP has a height of 
210 A and a thickness of about 150 A (Fig. 2A). 
The third corner of the triangle is well resolved 
in cryo-EM maps (Fig. 1D) and is occupied by the 
U4/U6 snRNA duplex and its associated proteins 
(Fig. 2A). Located in close proximity to this corner, 
the heptameric Sm-like (Lsm) ring and the bound 
3’-end of U6 snRNA are poorly resolved in cryo- 
EM maps, and the intervening components be- 
tween the Lsm ring and U4/U6 snRNP remain 
to be structurally identified. Because of their low 
resolutions, the cryo-EM maps for the Brr2 region 
and the Lsm ring disallow assignment of side 
chains or specific interactions; proteins in these 
regions were fitted into the cryo-EM maps in a 
rigid-body mode using previously determined 
crystal structures. 

The core of Prp8, comprising residues 749 to 
1830, is located at the center of the U4/U6.U5 tri- 
snRNP (Fig. 2B). The U4/U6 snRNP closely 
associates with the core of Prp8 through the 
ferredoxin-like protein Prp3 (24) and the Nop 
domain containing protein Prp31 (25). The N- 
terminal domain (N domain) of Prp8 is mainly 
responsible for binding U5 snRNA and the only 
GTPase (guanosine triphosphatase), Snull4, whereas 
the C-terminal Jabl/MPN domain of Prp8 binds 
Brr2, and the RNaseH-like domain of Prp8 inter- 
acts with Prp3 and the tri-snRNP-specific protein 
Prp6 (Fig. 2B). The U4-associated Sm ring con- 
tacts Brr2 on the opposite side relative to the 
Jab1/MPN domain of Prp8. The U5 snRNP com- 
ponent Dibl, which has a thioredoxin-like fold 
(26), interacts with an extended loop of Prp31 
and bridges the core and the N domain of Prp8. 
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The U5-associated Sm ring encircles a stretch of 
U5 snRNA sequence and binds Snull4. 

Despite its close proximity to the core of Prp8, 
the U4/U6 snRNA duplex has few direct inter- 
actions with Prp8. The U4/U6 snRNA duplex is 
surrounded and directly recognized by four pro- 
teins: Prp3, Prp6, Prp31, and the globular RNA- 
binding protein Snu13 (Fig. 2B and fig. S15) (27). 
These interactions are stabilized by the core of 
Prp8 at the bottom and the B-propeller protein 
Prp4 at the top; Prp4 directly contacts Prp3, 
Snu13, and Prp6. Together, these proteins help 


maintain the inactive conformation of the U4/U6 
snRNA duplex in the tri-snRNP; during cata- 
lytic activation of the spliceosome, these pro- 
teins must be stripped as the U4/U6 snRNA 
duplex is unwound by the RNA-dependent 
ATPase Brr2. 


Structure of the U4/U6 snRNA duplex 


The U4/U6 snRNA duplex and the 5’-stem loop 
of U4 snRNA both have excellent cryo-EM maps 
(fig. S13, A to D). The U4/U6 snRNA duplex 
consists of stem I, which is base-paired by nu- 


. |G U5 snRNA 


cleotides 56 to 62 of U6 snRNA and 57 to 63 of 
U4 snRNA, and stem II between nucleotides 64 
and 81 of U6 snRNA and 18 nucleotides at the 
5'-end of U4 snRNA (Fig. 3, A and B). Stems I 
and II are interrupted by the 5’-stem loop of U4 
snRNA, which forms a bulged duplex. The catalytic 
uridine nucleotide 80 (U80) of U6 snRNA (13) is 
sequestered in an inactive conformation in the 
U4/U6 snRNA duplex by at least two mecha- 
nisms. First, U80 of U6 snRNA pairs with Al of 
U4 snRNA at the tip of stem II, where the fully 
extended conformation of the phosphodiester 


Fig. 2. Structure of the spliceosomal U4/U6.U5 tri-snRNP from S. 
cerevisiae. (A) The cryo-EM maps of the yeast U4/U6.U5 tri-snRNP at an 
overall resolution of 3.81 A. The cryo-EM maps were generated by Chimera 
(54) and carved using the atomic coordinates. To display cryo-EM maps for all 
regions of the tri-snRNP, varying contour levels were applied to different 
regions, with low contour levels for the Brr2 region and the Lsm ring. (B) A 
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cartoon of the yeast U4/U6.U5 tri-snRNP complex. The protein and RNA 
components are color-coded. Four views are shown. This structure includes 
30 proteins, three snRNA molecules, and a pre-mRNA molecule, with a com- 
bined molecular weight of ~1 MD. The atomic model includes 8495 amino 
acids; 243 nucleotides from U4, U5, and U6 snRNAs; and 20 nucleotides from 
pre-mRNA. 
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backbone no longer allows coordination of two 
catalytic Mg** ions (Fig. 3A, inset). Second, this 
part of the U4/U6 duplex is bound by Prp3, with 
the phosphate group of U80 probably forming 
hydrogen (H) bonds with the side chain of Arg®®? 
from Prp3 (fig. SI5A). 

Although only 41 nucleotides of U6 snRNA in 
the U4/U6.U5 tri-snRNP were clearly assigned, 
they contain most of the catalytically important 
sequences and are highly conserved from yeast 
to humans (Fig. 3C). These corresponding nucleo- 
tides in U6 snRNA form helix I in the U2/U6 
snRNA duplex and the ISL in the activated 
S. pombe spliceosome (Fig. 3, D and E). Super- 
position of the core of Prp8 with that of Spp42 
allows assessment of the relative positioning of 
U6 snRNA in the tri-snRNP and the S. pombe 
spliceosome. The nucleotides in U6 snRNA of 
the tri-snRNP are located up to 100 A away from 
their corresponding positions in the active 
S. pombe spliceosome (Fig. 3D), with the 5’-stem 
loop of U4 snRNA placed in between (Fig. 3E). 
Thus, during Brr2-mediated activation of the 
spliceosome, U6 snRNA must undergo a dra- 
matic structural rearrangement to arrive at its 
active conformation. 


Recognition of U4 and U6 snRNA 


The core of the U4/U6 snRNP is a closely as- 
sociated complex that consists of U4/U6 snRNA, 
Prp3, Prp4, Snul3, and Prp31 (Fig. 4A). This 
complex interacts intimately with the core of 
Prp8 and the tri-snRNP-specific protein Prp6, 
forming a compact structure that stands out from 
the rest of the U4/U6.U5 tri-snRNP (Figs. 2B and 
4A). Within this structure, Prp3 only recognizes 
the U4/U6 duplex, whereas Snul3 and Prp6 
mostly bind to the 5’-stem loop of U4 snRNA 
(Fig. 4B). Prp31, in an extended conformation, 
interacts with both U4 snRNA and the minor 
groove in stem I of the U4/U6 snRNA duplex. 
The U4/U6 snRNA duplex is specifically recog- 
nized through a large number of H bonds by 
amino acids from Prp3, Snu13, Prp31, and Prp6. 

Prp3 plays a major role in the recognition of 
the U4/U6 snRNA duplex (Fig. 4B and fig. S15A). 
Two extended a-helices in the N-terminal half of 
Prp3 bind to the major groove and the axial side, 
respectively, of stem II in the U4/U6 snRNA 
duplex. In the first helix (residues 238 to 262), 
six Arg and three Lys residues may donate up to 
nine direct and water-mediated H bonds to the 
phosphate backbone in the major groove of stem 
II (Fig. 4C and fig. SI6A). In the second helix 
(residues 291 to 326), His®°°, Asn?”, and Arg®” 
recognize All of U4 snRNA, G71 of U6 snRNA, 
and C10 of U4 snRNA, respectively, in the minor 
groove of stem II (fig. S15A, top middle panel). A 
C-terminal domain of Prp3 directly interacts with 
the 5’-end of U4 snRNA and the phosphodiester 
backbone of U6 snRNA around the nucleotide 
U80 (fig. SI5A, top right panel). The doubly meth- 
ylated 2’-amino group of the 5'-m3G cap from U4 
snRNA may make hydrophobic contacts with the 
side chains of Glu®”’, Leu®®’, and Phe®”’, whereas 
Arg®°® may donate two H bonds to the phos- 
phate group of U80. 
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Fig. 3. Structure of the U4 and U6 snRNAs in the spliceosomal U4/U6.U5 tri-snRNP. (A) Structure 


of the U4/U6 snRNA duplex. U4 snRNA (colored violet) and U6 snR 
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snRNP. The catalytic uridine nucleotide (U80 in S. cerevisiae and U 
arrow in (B) and (C). (D) U6 snRNA undergoes a dramatic conforma 


68 in S. pombe) is identified by a red 
tional switch and a translocation of up 


to 100 A during the assembly of a functional spliceosome. The S. cerevisiae U4/U6.U5 tri-snRNP is aligned 
to the S. pombe spliceosome on the basis of the core domains of Prp8 and Spp42. The resulting U6 snRNA 
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ellow) from the S. pombe spliceosome. 


For visual clarity, only Prp8 is shown by its surface electrostatic potential (red indicates high and blue in- 


dicates low surface electrostatic potential). Red spheres indicate the 


catalytic magnesium ions. (E) A close- 


up view on the U4/U6 snRNA duplex of the tri-snRNP in relation to the activated U6 snRNA in the S. pombe 
spliceosome. A small portion of U2 snRNA (colored marine) from the S. pombe spliceosome is shown. 
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The globular protein Snul13 is wedged between 
stem II and the 5’-stem loop of the U4/U6 dup- 
lex but mainly interacts with the 5’-stem loop 
(Fig. 4B and fig. S15B). The side chains of Glu”’, 
Lys’, and Are“ contact both the phosphate back- 
bone and specific bases in the 5’-stem loop (Fig. 
4D and fig. SI6B). Similar to Prp3, Prp31 also 
adopts an extended conformation. An o-helical 
domain at the N-terminal half of Prp31 interacts 
with the tip of the 5'-stem loop of U4: snRNA (Fig. 
4B and fig. S15C). A protracted loop (residues 346 
to 438) follows the ridge of the 5’-stem loop, goes 
into the major groove of stem I, and comes out in 
an extended conformation. In the major groove 
of stem I, at least two bases of U4 and U6 snRNAs 
are recognized by the positively charged residues 
Are**’ and Lys?” from Prp31 (Fig. 4E and fig. 
S16C). The extended conformation of Prp31 is 
sustained through close interactions with other 
proteins, particularly Prp8 (Fig. 4A). 


In our atomic structure, the superhelical pro- 
tein Prp6 consists of 44 a-helices, of which 36 
are organized into 18 tetratricopeptide repeats. 
Only helices a6 preceding the tetratricopeptide 
repeats and 039 at the C terminus bind to the 
stem and tip, respectively, of the 5’-stem loop of 
U4 snRNA (Fig. 4B and fig. SI5D). Arg’® and 
Gin™° of «6 may make specific H bonds to U51 
and A20/U54, respectively, whereas Lys’? and 
Arg" contact the phosphate backbone (Fig. 4F 
and fig. S16D). The overall appearance of Prp6 
resembles a cup handle, with the N-terminal 
helices of Prp6 contacting the RNaseH-like do- 
main and the core of Prp8 and the C-terminal 
domain interacting with Prp4, Snu13, and Prp31 
(Fig. 4A). 


Structure of U5 snRNP 


U5 snRNP adopts an elongated and flexible con- 
formation, with most components assigned in 


E 


our atomic model (Fig. 5A). One end of U5 
snRNP contains a heptameric Sm ring, which is 
bound to the 3’-end sequences of U5 snRNA. 
The other end of U5 snRNP is capped by a second 
Sm ring, which associates with the 3'-end se- 
quences of U4: snRNA. U5 snRNP constitutes two 
corners of the triangular-shaped U4/U6.U5 tri- 
snRNP. One corner, consisting of U5 snRNA, 
Snull4, and the N domain of Prp8, has a well- 
defined conformation and is connected to the 
centrally located Prp8 core through multiple in- 
terfaces, including that mediated by Dib1. The 
other corner, comprising mostly Brr2 and the 
bound Jab1/MPN domain of Prp8, is flexibly at- 
tached to the rest of the tri-snRNP and exhibits 
a dynamic conformation. 

U5 snRNA from S. cerevisiae has two forms, 
of which the long form (214 nt) contains 35 
extra nucleotides beyond the 3’-end of the short 
form (179 nt). Nucleotides 28 to 53, 62 to 127, 


Fig. 4. Recognition of the U4/U6 snRNA duplex by spliceosomal proteins. 
(A) Overall structure of the U4/U6 snRNP core. The U4/U6 snRNA duplex and 
the intervening 5'-stem loop of U4 snRNA are surrounded by Prp3 (orange), 
Prp4 (light cyan), Prp6 (marine), Prp8 core (gray), Snul3 (red), Prp31 (yellow), 
and Dib1 (brown). (B) The U4/U6 snRNA duplex is mainly recognized by four 
proteins: Prp3, Prp6, Snul3, and Prp31. Prp3 interacts only with the U4/U6 
snRNA duplex, whereas Prp6 uses two a-helices to contact the 5’-stem loop of 
U4 snRNA. Both Snul3 and Prp31 mainly associate with U4 snRNA. (C) An 
a-helix from Prp3 binds the major groove of stem Il in the U4/U6 snRNA 
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duplex. A few Arg and Lys residues may donate H bonds to the backbone 
phosphates of RNA duplex. The red and black dashed lines represent direct and 
water-mediated H bonds, respectively. (D) Positively charged amino acids from 
Snul3 may directly H-bond with backbone phosphates and the bases of U4 
snRNA. (E) An extended loop from Prp31 interacts with the minor groove of 
stem | in the U4/U6 snRNA duplex. Arg?°” may directly recognize the base G58 
of U4 snRNA, whereas Lys?” probably H-bonds to G63 of U6 snRNA. (F) A 
close-up view of the interactions of an a-helix from Prp6 and the 5’-stem loop 
of U4 snRNA. 
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and 163 to 183 are distinguishable in cryo-EM 
maps (fig. S13) and were explicitly modeled in 
our structure (Fig. 5B). The U5 snRNA structure 
consists of loop 1, stem I, stem II, a variable stem 
loop, and extended sequences at the 3’-end. The 
core regions of U5 snRNA from S. cerevisiae 
and from S. pombe have a very similar structure 
with respect to both loop I and stems I and II 
(Fig. 5C). Loop II of the U5 snRNA from S. pombe 
is replaced by a much longer variable stem loop 
in S. cerevisiae (Fig. 5C). Loop III of the U5 
snRNA from S. pombe is replaced by a predicted 
internal loop II in U5 snRNA from S. cerevisiae. 
Both internal loop II and stem III of U5 snRNA 
in our tri-snRNP structure are disordered. 


Conformational changes in Prp8& 


Prp8 in S. cerevisiae (Spp42 in S. pombe) is a 
central component of the spliceosome and the 
splicing reaction. In the U4/U6.U5 tri-snRNP, 
Prp8 is divided into four distinct structural re- 
gions: the N domain (residues 130 to 736), the 
core (residues 747 to 1830), the RNaseH-like do- 


main (residues 1831 to 2078), and the Jab1/MPN 
domain (residues 2148 to 2396). The core, also 
known as the large domain (28), consists of the 
reverse transcriptase palm/finger, thumb/X, linker, 
and endonuclease-like subdomains. Each of these 
four regions is able to undergo pronounced rigid- 
body movement relative to neighboring regions, 
exemplified by the RNaseH-like domain. The core 
of Prp8 from the tri-snRNP can be superimposed 
onto that of Spp42 from the S. pombe spliceo- 
some with a root mean square deviation (RMSD) 
of 3.06 A between 1099 pairs of aligned Ca atoms 
(Fig. 6A). With the cores of Prp8 and Spp42 
aligned, their RNaseH-like domains adopt dif- 
ferent positions and are related to each other by 
a pseudo-two-fold rotational axis (fig. S17A), yet 
these two domains can be aligned with an RMSD 
of 1.24 A for 225 Ca atoms (Fig. 6B). Similarly, the 
position of the RNaseH-like domain relative to 
the core of Spp42 in the S. pombe spliceosome is 
different from that in Prp8 bound to Aar2 (15, 28). 
The C-terminal Jabl/MPN domain moves freely 
of the rest of Prp8 and mainly functions to reg- 


ulate the activity of the ATPase/helicase Brr2 
through physical association (29). 

As with the RNaseH-like domain, the relative 
position of the Prp8 N domain is different from 
that of the Spp42 N domain (fig. S17B), yet these 
two domains can be perfectly aligned with a RMSD 
of 0.94 A for 486 Ca atoms (Fig. 6C). Because the 
catalytic cavity of the S. pombe spliceosome is 
formed between the N domain and the core of 
Spp42/Prp8 (15, 16), the relative movement be- 
tween these two domains leads to a misaligned 
catalytic cavity in Prp8 of the U4/U6.U5 tri-snRNP 
(Fig. 6D). Such structural distortion generates 
misalignment of the U5 snRNA between the tri- 
snRNP and the S. pombe spliceosome (Fig. 6E, 
upper panel). The U5 snRNA in the tri-snRNP can 
be brought into registry with that in the S. pombe 
spliceosome by a rotation of ~30° (Fig. 6E, lower 
panel). The N domain of Prp8 associates with the 
GTPase Snull4 through a highly conserved inter- 
face, and alignment of the N domains between 
Prp8 and Spp42 only produced a slight misalign- 
ment between Snull4 and Cwfl10 (fig. SI8A) that 


A U4/U6 duplex Cc Loop | Fig. 5. Structures of U5 
re U5 snRNA ~ snRNP and U5 snRNA in the 
(tri-snRNP, S. cerevisiae) U4/U6.U5 tri-snRNP. (A) 
U5 snRNA Overall structure of the U5 


(Spliceosome, S. pombe) 


; N-domain 
eee SS 


Sey U5 snRNA ves 
U4 Sm ring . snRNA | f}s0 U5 Sm ri 
| : m ring |; 90° 
} b Prp8 


U5 snRNA 
N-domai > 


3'-end 


$nu114 uYy 
? Prps 
Jab1/MPN core cla aes 
eve 
B Loop | now 
G—c 
A-§ Stem! 
c—G 
C—c aa 
U5 Stem | a Base pairing in 
snRNA Variable a -, U5 snRNA 
Stem Loop G—ohAAn 
Gn 
Gg. C,7,U 
Us? u Aa7/Sy 
GOA —G,7,U, Variable Stem Loop 
Stem II Uc AL/-A 
Stem I ent CoA Sn 
Uovc Gi 7,C. 
Cy. GU Ue”, C,.62 
UG G 7,6. 
cn of": 
~ . 
A ~S28 53". 4+ 
1278, *+-8' 


163. Smbinding site 183 
Tease GUAUAUUUUUUGGAACUUUUU-:--3’ 


SCIENCE sciencemag.org 


29 JANUARY 2016 * VOL 351 ISSUE 6272 


snRNP. The U4/U6 snRNA 
duplex and the U4 Sm ring are 
also shown for reference. The 
centrally located Prp8 is 
displayed in four colors: tan 
for the N domain, gray for the 
core, yellow for the RNaseH- 
like domain, and red for the 
Jab1/MPN domain. (B) Struc- 
ture of US snRNA. A schematic 
representation of base-pairing 
interactions in U5 snRNA is 
shown in the right panel. (C) 
Structural comparison of U5 
snRNAs from the S. cerevisiae 
tri-snRNP and S. pombe spli- 
ceosome. The two U5 snRNA 
molecules from U4/U6.U5 tri- 
snRNP and the S. pombe 
spliceosome are colored cyan 
and gold, respectively. Two 
perpendicular views are 
shown. 
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could be mitigated by minor rigid-body adjust- 
ment (fig. SI8B). Compared with the GDP-bound 
Cwf10, binding of GTP (guanosine triphosphate) 
in Snull4 appears to induce no apparent confor- 
mational changes (fig. S18C). 


Recognition of pre-mRNA by tri-snRNP 


At the beginning of atomic modeling, we recog- 
nized a stretch of cryo-EM density close to Prp8& 
and loop I of U5 snRNA. The density is charac- 
teristic of RNA but cannot be assigned to U4, 
U5, or U6 snRNA because of topological consid- 
erations, suggesting the presence of pre-mRNA. 
After most components of the U4/U6.U5 tri- 
snRNP had been assigned, features of this density 
became clear, with some bulges projecting out 
from the linear-shaped density (fig. S13, G and H). 
Consideration of snRNA directionality and local 
density features only allowed one possible assign- 
ment for the pre-mRNA (Fig. 7A). The 5’SS of the 
intron is base-paired with the ACAGA box of U6 
snRNA, whereas three consecutive nucleotides in 
the preceding 5’-exon sequences are recognized 
by loop I of U5 snRNA through base-pairing 
interactions (Fig. 7, B and C, and fig. S19). 
Immediately after the 3’-end nucleotide of the 
5'-exon, the first two bases of the 5’SS, guanine 
and uracil, protrude away from the extended pre- 


Fig. 6. Structure of Prp& 
from tri-snRNP and its 
comparison with Spp42 
from the S. pombe spli- 
ceosome. (A) The struc- 
ture of Prp8 (gray) is 
aligned to that of Spp42 
(green) on their respective 
core domains. In contrast 
to the near-perfect align- 
ment of the core domains, 
the N and RNaseH-like 
domains are positioned 


(Tri-snRNP, 
S. cerevisiae) 


differently. (B) The RNa- Spp42 
seH-like and (C) N (Spliceosome, 
domains from Prp8 and S. pombe) 
Spp42 exhibit a similar D 


conformation and can be 
aligned to each other. 

(D) Because of the rotation 
of the N domain relative to 
the core, Prp& has a mis- 
aligned catalytic cavity (left 
panel) relative to Spp42 
(right panel). (E) U5 
snRNA of tri-snRNP can be 
aligned to U5 snRNA of the 
spliceosome by a rotation 
of ~30°. 


- 


Mis-aligned 
catalytic 
cavity 
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Prp8s 
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mRNA phosphodiester backbone (Fig. 7C and fig. 
$13H). The distinct configuration of the guanine 
base is maintained through five candidate H bonds 
with the side-chain amino group of Lys””® and the 
main-chain groups of Gly’ and Phe? in Prp8 
(Fig. 7D). The extended conformation of the pre- 
mRNA sequence is probably a prerequisite for 
the first-step transesterification reaction involv- 
ing an adenine nucleotide from the branch point 
sequence of the intron and two Mg”* ions co- 
ordinated by U6 snRNA. The assignment of pre- 
mRNA also identifies Dib] as a critical player in 
the U4/U6.U5 tri-snRNP, because it interacts 
simultaneously with Prp31, the N domain of Prp8, 
loop I of U5 snRNA, and 5'SS of pre-mRNA (Fig. 
7E). Dib1 also directly contacts residues 1585 to 
1598 of Prp8, hereafter termed the 1585 loop, 
which were found to play an important role in 
pre-mRNA splicing (17). 


Implication for pre-mRNA splicing 

The structure of pre-mRNA, characterized by its 
base-pairing interactions with both loop I of U5 
snRNA and the ACAGA box of U6 snRNA, is 
indicative of a productive conformation that is 
poised for an impending transesterification reac- 
tion. To further examine this scenario, we aligned 
the N domains between Spp42 and Prp8, which 


RNaseH-like domain 
(Tri-snRNP, S. cerevisiae) 


RNaseH-like domain 
(Spliceosome, S. pombe) 


Spp42 


(Spliceosome, S. pombe) 


Functional 
4 catalytic 
> cavity 


U5 snRNA 


brought U5 snRNA from the S. pombe spliceo- 
some into registry with that in the tri-snRNP 
(Fig. 8A). If such an alignment matrix was applied 
to the entire S. pombe spliceosome, it would bring 
the catalytic Mg”* ions and their coordinating 
nucleotides into close proximity with the guanine 
nucleotide at the 5’-end of 5’SS (Fig. 8A, inset). 
The catalytic metal 1 (M1) (14), which is known 
to stabilize the 3'-OH group of the 3’-end nucleo- 
tide of the 5'-exon, is positioned only about 2 A 
away from the oxygen atom of the 3'-OH. In 
addition, the 1585 loop of Prp8 is positioned next 
to the guanine nucleotide and the catalytic metals. 
These observations suggest that the conforma- 
tion of the pre-mRNA bound to tri-snRNP is ready 
for the first-step transesterification reaction. Our 
analysis also indicates that at least part of the 
tri-snRNP, which may include the N domain of 
Prp8/Spp42, Snul14/Cwf10, and U5 snRNA, already 
adopts a productive conformation for the splicing 
reaction. This conclusion is supported by the near- 
perfect alignment between these corresponding 
regions from S. cerevisiae tri-snRNP and S. pombe 
spliceosome (Fig. 8, B to D). 


Discussion 


X-ray crystallography on individual components 
or subcomplexes of the spliceosome has yielded 
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structural information about U1 snRNP (30-32), 
U2 snRNP (33-36), U4 snRNP (37), U6 snRNP 
(38, 39), Prp8 (28), and Brr2 (29, 40). EM, on the 
other hand, has been used to probe the structure 
of both the human and yeast spliceosomes at var- 
ious stages of the splicing reaction (41-51). These 
structures, mostly at moderate resolutions, have 
led to identification of global features of the splice- 
osome. The cryo-EM structure of the S. cerevisiae 
U4/U6.U5 tri-snRNP, at a resolution of 5.9 A (20), 
allowed assignment of the components and iden- 


tification of some secondary structural elements 
but not generation of an atomic model. Recently, 
we reported the first atomic structure of an intact 
spliceosome from S. pombe at 3.6 A resolution, 
which reveals the fine-scale features of the pre- 
mRNA splicing machinery (15). In this study, we 
report the cryo-EM structure of the S. cerevisiae 
U4/U6.U5 tri-snRNP at an overall resolution of 
3.8 A and present an atomic model for this complex. 

Spliceosomal complexes are notorious for their 
conformational and compositional heterogeneity, 


A B 3’-end- 


U4 snRNP U6 snRNA 


(Protein components) 5'-end 


U4 snRNA 


U5 snRNA 


D Pre-mRNA 
5’-exon ,+ 2*°S-end 
(First base of 
5’-splice site) 
E 


Fig. 7. Pre-mRNA is recognized by U6 snRNA and loop | of U5 snRNA in the U4/U6.U5 tri-snRNP. 
(A) Structure of the U4/U6.U5 tri-snRNP with pre-mRNA bound. All RNA components are shown in 
surface representation, with U4, U5, and U6 snRNAs colored violet, teal, and green, respectively. Pre- 
mRNA is highlighted in red. (B) The pre-mRNA is located in the center of trissnRNP and forms duplexes 
with both U6 snRNA and U5 snRNA. For visual clarity, all protein components are stripped and only the 
RNA components in the center of tri-snRNA are displayed. The 5’SS of pre-mRNA is base-paired with the 
ACAGA box of U6 snRNA, whereas the 3’-end sequences of the 5’-exon are recognized by loop | of U5 
snRNA. (C) A close-up view on the base-pairing interactions between the exon sequences and loop | of 
U5 snRNA. For base complementarity, the three consecutive nucleotides at the 3’-end of the 5’-exon 
were modeled as A-A-G (55), and they form a duplex with C95-U97-U98 of U5 snRNA. The first two 
bases of the 5’SS, guanine and uracil, are shown. (D) The guanine base of the first nucleotide in the 5’SS 
is specifically coordinated by amino acids in Prp&8. The guanine base is recognized by the side chain of 
Lys8”8 and the main chain groups of Phe!®*? and Gly'®°° through five putative H bonds. (E) Dibl directly 
interacts with pre-mRNA, U5 snRNA, and the protein components Prp8 and Prp31. In particular, the N 
domain and the 1585 loop of Prp8 bind to Dib1. 
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which underlies unsuccessful crystallization at- 
tempts. Compared to x-ray crystallography, single- 
particle cryo-EM analysis has the distinctive 
advantage of 2D and 3D classifications to effec- 
tively identify a subgroup of particles that share 
a similar conformation. In the case of U4/U6.U5 
tri-snRNP, conformational heterogeneity is par- 
ticularly severe, with flexible linkages between 
the Brr2 region and the tri-snRNP core. In the 
previous tri-snRNP structure (20), about 48% of 
the 347,241 total particles were used to generate 
the final cryo-EM map. In our current study, about 
57% of the 299,993 total particles were used to 
generate the final cryo-EM map. 

Although the global features of the cryo-EM 
maps from this study and the previous one (20) 
are similar, our cryo-EM maps reveal atomic de- 
tails of the U4/U6.U5 tri-snRNP. The “head,” 
“foot,” and “arm” described in that report corre- 
spond to the three corners in our structure, with 
the foot including Snul14, U5 snRNA, the U5 Sm 
ring, and the N domain of Prp8. Because no 
atomic coordinates were reported for the previ- 
ous tri-snRNP structure (20), we are unable to 
make a detailed comparison. In this study, we 
built protein components through either homol- 
ogy modeling or de novo building with most side 
chains assigned. The U4/U6 snRNA duplex is 
specifically assigned, and its interactions with 
surrounding proteins are elucidated. 

Similar to the spliceosome (15, 16), the struc- 
ture of the U4/U6.U5 tri-snRNP reveals rich struc- 
tural and mechanistic information. For example, 
Dib1 in S. cerevisiae (Dim1 in S. pombe and 
U5-15K in H. sapiens) plays an important role in 
pre-mRNA splicing, indicated by both its central 
location in the tri-snRNP and its association 
with U5 snRNA, pre-mRNA, Prp31, and the N 
domain and 1585 loop of Prp8 (Fig. 7E). Yet the 
function of Dibl remains to be determined. This 
is echoed by Cwfl19 in S. pombe, which is cen- 
trally located in the S. pombe spliceosome and 
interacts with U2 snRNA, U6 snRNA, and the 
RNaseH-like domain and the core of Spp42 (15, 16), 
yet its function remains largely unknown. The 
enigmatic cases of Dib1 and Cwfl9 apply to a 
number of other functionally unknown or uncer- 
tain spliceosomal proteins. The structural infor- 
mation provides a framework for functional and 
biochemical investigations. 

An initially unexpected result in this study is 
the identification of pre-mRNA in the U4/U6. 
U5 tri-snRNP. The pre-mRNA-loaded tri-snRNP 
may represent an intermediate that recognizes 
pre-mRNA but still contains the extensively base- 
paired U4/U6 duplex. Consistent with this finding, 
analysis by reverse transcription polymerase chain 
reaction revealed the presence of TUB3 pre-mRNA 
in the cryo-EM sample (fig. S20). Consideration of 
the tri-snRNP structural features in fact makes 
this finding unsurprising. First, the ACAGA box 
of U6 snRNA is exposed in the tri-snRNP and 
free to recognize the 5'SS of an intron in the pre- 
mRNA. Second, loop I of U5 snRNA is available 
in the tri-snRNP to interact with the 3’-end se- 
quences of the 5’-exon in the pre-mRNA. Third, 
the linker domain of Prp8 is available to bind the 
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Fig. 8. Pre-mRNA in the U4/U6.U5 tri-snRNP is poised for the splicing 
reaction. (A) Superposition of the U4/U6.U5 tri-snRNP and the S. pombe 
spliceosome brings pre-mRNA in the tri-snRNP into close proximity to the 
Mg** ions in the catalytic center of the S. pombe spliceosome (15). The super- 
position matrix is the same as that between the N domains of Spp42 and Prp8. 
This alignment brings the catalytic Mg** ion (M1) to a distance of about 2 A 
from the 3'-OH group of the ribose in the last nucleotide of the 5’-exon (close- 
up view). (B) A subcomplex comprising U5 snRNA, Prp8 N domain, and Snull4 


U5 
(Spliceosome, S. pombe) 


probably constitutes the scaffold for the two-step splicing reaction. An overall 
structure of this subcomplex is shown here, together with those of pre-mRNA 
and a short stretch of U6 snRNA. The superimposed Mg** ions and their 
coordinating nucleotides from U6 snRNA in the S. pombe spliceosome are also 
shown for reference. (©) Superposition of the N domains of Prp8 and Spp42 
brings the two U5 snRNA molecules in tri-snRNP and S. pombe spliceosome 
into registry. (D) Superposition of the N domains of Prp8 and Spp42 brings 
Snull4 from tri-snRNP and Cwfl0 from S. pombe spliceosome into registry. 


5'-nucleotide of the 5’SS. Fourth and last, the 
back side of Prp8 is strongly positively charged 
(fig. S21A), so it may bind and orient the 5’-exon 
sequences. Some of the cryo-EM density located 
in this region appears to be connected to the 5’- 
end of the pre-mRNA (fig. S21B). Nevertheless, 
although unlikely, we cannot rule out the possi- 
bility that the pre-mRNA-loaded tri-snRNP may 
represent part of the B complex. 

The current understanding of spliceosomal 
assembly suggests that the spliceosomal A com- 
plex, which contains pre-mRNA loaded with U1 
and U2 snRNPs, associates with U4/U6.U5 tri- 
snRNP to form the spliceosomal B complex (fig. 
$22, red arrows). According to this model, the 
U4/U6.U5 tri-snRNP is free of pre-mRNA and 
exists as an inhibitory complex by keeping U6 
snRNA in an inactive conformation. Our struc- 
tural finding suggests additional possibilities (fig. 
$22, black arrows). In the tri-snRNP, the ACAGA 
box of U6 snRNA and loop I of U5 snRNA are 
both free to engage pre-mRNA, and they do so 
through base-pairing interactions with both the 
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5'SS of an intron and the 3'-end sequences of 
the 5’-exon. Thus the U4/U6.U5 tri-snRNP may 
freely recruit pre-mRNA, independently of U1 
snRNP (fig. S22). Our speculative model further 
predicts that the tri-snRNP loaded with pre- 
mRNA may directly associate with U2 snRNP 
and proceed to form a catalytically competent 
spliceosome (fig. S22). Consistent with this pre- 
diction, most protein components of U2 snRNP 
were identified by mass spectrometry in our 
sample and exhibited relatively high peptide- 
spectrum match values, suggesting a reasonable 
abundance (fig. S23). In contrast, the protein com- 
ponents of Ul snRNP were present with con- 
siderably less abundance (fig. $23). Supporting 
our model, direct recognition of the 5’SS in the 
pre-mRNA by the U4/U6.U5 tri-snRNP has been 
previously reported (52). 

Despite these clues and analyses, our model 
awaits experimental scrutiny. This speculative 
model may be inconsistent with some of the re- 
ported biochemical data. For example, using an 
in vitro purification method, inactivation of pre- 


mRNA binding by U1 snRNP was shown to 
nearly cripple pre-mRNA binding by all other 
snRNPs (53). However, such studies were per- 
formed under highly specific settings and stringent 
analysis conditions, such as those for detection 
of snRNA species in stalled splicing reactions, 
and thus may not fully capture the complex sit- 
uations in cells. 

The molecular choreography of many different 
components, exemplified by that of Prp8 and 
Spp42 (Fig. 6) and U6 snRNA (fig. S24), serves 
to execute the splicing reactions for tens of thou- 
sands of distinct pre-mRNA molecules. The near- 
atomic structures of the S. pombe spliceosome 
(15) and the S. cerevisiae tri-snRNP provide a 
principal framework for ultimately elucidating 
the underlying molecular mechanisms of pre- 
mRNA splicing. 
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Activation of Cu(ill) surface by 
decomposition into nanoclusters 
driven by CO adsorption 


Baran Eren,’* Danylo Zherebetskyy,'* Laerte L. Patera,"”*? Cheng Hao Wu,'* 
Hendrik Bluhm,” Cristina Africh,” Lin-Wang Wang," 


Gabor A. Somorjai,’* Miquel Salmeron”’*+ 


The (111) surface of copper (Cu), its most compact and lowest energy surface, became 
unstable when exposed to carbon monoxide (CO) gas. Scanning tunneling microscopy 
revealed that at room temperature in the pressure range 0.1 to 100 Torr, the surface 
decomposed into clusters decorated by CO molecules attached to edge atoms. Between 
0.2 and a few Torr CO, the clusters became mobile in the scale of minutes. Density 
functional theory showed that the energy gain from CO binding to low-coordinated Cu 
atoms and the weakening of binding of Cu to neighboring atoms help drive this process. 
Particularly for softer metals, the optimal balance of these two effects occurs near 
reaction conditions. Cluster formation activated the surface for water dissociation, an 


important step in the water-gas shift reaction. 


n extensive array of surface-sensitive char- 
acterization techniques that provide struc- 
tural (e.g., electron and x-ray diffraction and 
scanning probe microscopy) and spectro- 
scopic (e.g., Auger electron, x-ray photo- 
electron, infrared, and Raman) information (J, 2) 
have revealed the structure of many crystal sur- 
faces in their pristine clean state. Most of these 
studies are carried out in ultrahigh vacuum (UHV), 
which makes it possible to control sample com- 
position and cleanliness to better than 0.1% of a 
monolayer (ML). Under realistic ambient con- 
ditions, however, our knowledge is far less ex- 
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tensive, because the most sensitive techniques 
using electrons cannot operate in the presence 
of gases at pressures above ~10~° Torr. Of par- 
ticular interest is the structure of surfaces in dy- 
namic equilibrium with gases at near-ambient 
pressure and temperature (J). Under these con- 
ditions, weakly bound adsorbates can be present 
in considerable densities, a situation that can also 
be achieved under vacuum, but only at cryogenic 
temperatures. The surface structures obtained in 
such rarefied conditions often represent kineti- 
cally frozen states and may not be representative 
of the structure under practical operating con- 
ditions. Here, we overcome this difficulty using 
high-pressure scanning tunneling microscopy 
(HPSTM) (3-8) and ambient pressure x-ray photo- 
electron spectroscopy (APXPS) (9, 10), which 
make possible the study of surfaces in the pres- 
ence of gases at or near atmospheric pressures 
at room temperature and above. 

Copper-based heterogeneous catalysts are 
used in reactions such as water gas-shift (WGS), 
methanol oxidation, methanol synthesis, and oth- 
ers (11-17). The weaker cohesive energy of Cu 


29 JANUARY 2016 * VOL 351 ISSUE 6272 4&75 


Downloaded from on January 31, 2016 


RESEARCH REPORTS 


1:10 Torr 


0.1 Torr 


=. 


0.2 Torr 
x * 


Fig. 1. STM images of Cu(111) showing clusters filling the terraces as a function of ambient CO pressure. (A) In UHV [V, = —2.4 V; |, = 0.1 nA]. (Bottom 
inset) Atomically resolved image [V, = 0.2 V; : = 1 nA]. (B) Under 0.1 Torr of CO clusters form at step edges [Vp = -2.5 V; i. = 0.2 nA]. (©) Under 0.2 Torr of CO 
clusters form on the terraces [Vp = 1.85 V; , = 0.5 nA]. CO coverages in (B) and (C) are shown in the insets, as determined from the APXPS peak intensities. 
(D) Under 10 Torr of CO [V, = 0.15 V; I, = 0.8 nA]. A high density of clusters with adsorbed CO molecules (expanded in the inset) completely covers the surface. 
The bright spots, due to CO on top sites, form (2x2)-3CO and c(4x2) unit cells. Scale bars are 25 nm for (A) and (C), 2 nm for (B), and 3 nm for (D). 


0.2 Torr 


Fig. 2. STM images, ball models, and simulated contrast images of Cu clusters at 0.2 Torr with 
hexagonal and trigonal symmetries. (A) STM image [bias voltage (V,) = —1.5 V; tunneling current (Ii) = 
0.2 nA]. (B) and (C) are images of the two types of clusters with Cg or C3 symmetry colored in (A). The 
bright center of the cluster in (B) is due to a CO molecule and to a cluster of three Cu atoms decorated by 
CO in (C). (D) A 19-atom cluster model from DFT calculations and simulated STM image (Vp = —2.7 V) of the 
cluster in (B). (E) DFT-optimized model and simulated STM image (V,, = -2.7 V) of the cluster in (C). Images 
are simulated with a CO-terminated tip and using a higher bias (in absolute values) than the experimental 
value because of the +U correction, used to match the experimental CO-binding energy on the flat surface. 


compared with other metals, such as Pt (3.50 ver- 
sus 5.84 eV), is an important factor that in- 
fluences (18, 19) its response to CO adsorption, 
as we will show here. Because of its high cohe- 
sive energy, Pt(111) is stable under CO at pres- 
sures of up to at least one atmosphere (20, 20), 
although stepped surfaces restructure under CO 
due to the increased binding strength of CO at 
step edges (22). For Cu(111), the densest and low- 
est energy surface, the adsorption of CO (weaker 
in energy than on Pt by a factor of ~1.7) causes a 
much larger restructuring in the form of metal 
clusters formed by detachment of atoms from 
the steps. These clusters are mobile and adopt 
particularly stable sizes and shapes, including 3 
and 19 atoms. With the help of density functional 
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theory (DFT) calculations, we explain the find- 
ings as resulting from the increased adsorption 
energy of CO at low-coordinated Cu atoms, to- 
gether with the lowering of the binding energy 
of the metal atoms bound to CO [experimental 
details of sample preparation, HPSTM imaging, 
and methodology used in DFT calculations are 
explained in detail in the supplementary mate- 
rials (23)]. The cluster-covered surface is stable 
at room temperature (in the scale of hours) after 
desorption of CO when the gas phase is evac- 
uated, and this surface is extremely active in 
the dissociation of water, an important step in 
the WGS reaction. 

An image of the clean Cu(111) surface under 
UHV (Fig. 1A) shows micrometer-scale terraces, 


atomic steps, and a few screw dislocations are 
visible. After introduction of 0.1 Torr of CO in the 
chamber, a new structure was observed along the 
step edges, while the rest of the terrace remained 
atomically flat (Fig. 1B). At 0.2 Torr, the terraces 
became covered with nanoclusters (Fig. 1C) that 
increased in density with CO pressure until the 
clusters filled the surface (Fig. ID and fig. S3) (23). 
The CO coverage, evaluated from APXPS measure- 
ments in a different chamber under identical condi- 
tions, increased from 0.06 ML at 0.1 Torr to 0.09 ML 
at 0.2 Torr and to 0.16 ML at 0.5 Torr of CO (24). 

The structure of the clusters formed at 0.2 Torr 
of CO is shown in Fig. 2A. A roughly bimodal size 
distribution is apparent, with small clusters 
~0.5 nm in diameter with poorly resolved tri- 
angular shape and larger hexagonal shape clusters 
~1.5 nm in diameter. We associate the first with 
three Cu atom clusters with an apparent height 
about half that of a monatomic step, similar to the 
case in UHV studies (25). The larger ones we 
assign to 19 atom clusters forming hexagonal 
closed-shell structures (typically with an apparent 
height corresponding to a monatomic step). The 
19-atom closed-shell structures (“magic number” 
clusters) are reported to be the building blocks 
for the homoepitaxial Cu growth on Cu(111) (26). 
Sometimes the clusters contain a few more atoms 
(fig. S1) (23) or come in contact with each other, 
forming aggregates that separate again later as a 
result of thermal mobility, which causes the clusters 
to evolve spatially in the scale of minutes, as il- 
lustrated in fig. S2 (23). Time-lapse images show 
the clusters forming by splitting from step edges 
and growing by coalescence and accretion of 
smaller clusters. At 1 Torr, the clusters increased 
further in size and density (fig. S3) (23). These 
clusters are not aggregates of CO molecules, 
because their height is close to that of the steps, 
whereas CO produces a contrast of only a fraction 
of an angstrom (27). 

High-resolution images (Fig. 2, B and C) showed 
that the perimeters of the clusters contain bright 
maxima arranged in hexagonal (C,) or trigonal (C3) 
symmetries, which we attribute to CO molecules. 
The presence of CO bound to Cu edge atoms can 
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be rationalized by the energy gain obtained by 
CO adsorption on low-coordinated Cu atoms. As 
discussed below, DFT predicts that 12 CO mol- 
ecules, one for each atom in the periphery of the 
19 atom cluster, are necessary for energetic stability, 
and only the molecules bound to corner Cu atoms 
appear bright. The three-atom clusters require 
three CO molecules for stability. From the known 
CO coverage (from APXPS) and from simple cluster 
counting in the STM images, we conclude that all 
the adsorbed CO molecules are bound to the 
cluster edges, leaving the rest of the surface with 
a negligible CO coverage below 0.01 ML. 

At pressures between 10 and 100 Torr, the 
surface was completely covered with clusters 
that were larger and closer to each other, making 
estimation of their individual sizes difficult be- 
cause of finite tip-size effects. Figure 1D shows an 
example of the topography of the surface under 
10 Torr of CO, with clusters densely covering ad- 
jacent terraces separated by monatomic steps. 
Unlike the case for pressure below a few Torr, the 
clusters are now completely covered by CO mol- 
ecules, imaged as bright spots separated by dis- 
tances of \/3 and 2 times the Cu atomic periodicity 
and aligned in directions forming 60° and 90° 
between them. A similar surface was also observed 
at 100 Torr of CO (fig. S4). We interpret the 
observed STM contrast as arising from atop site 
CO molecules in local (2x2)-3CO and c(4«2) geo- 
metries with coverages of 0.75 and 0.5 ML, re- 
spectively. In mixed top and bridge or hollow CO 
sites, the STM contrast is large only for the top sites 
(21, 28). The (4x4) superstructure reported at cry- 
ogenic temperatures (29) was not observed here. 

The CO-promoted formation of metal clusters 
on Cu(111) contrasts with the case of Pt(111), where 
no clustering is observed, and with the stepped 
Pt(332) and Pt(557) surfaces, where clusters form 
and entirely occupy the terraces (22). The CO ad- 
sorption energy on Pt is > 1 eV, but on Cu(111), 
this energy is only ~0.5 eV. However, Cu has a 
much lower cohesive energy of 3.50 eV compared 
with the 5.84 eV of Pt (18, 19). The low cohesive 
energy of Cu has many manifestations, such as 
the frizzled appearance of the steps of the clean 
surface at room temperature caused by kink atom 
diffusion (30), which was not observed on Pt. 

On the Cu(111) surface, we calculated the for- 
mation energy of a Cu adatom by detachment 
from kink sites as 0.83 eV, indicating that on a 
clean surface the formation of clusters is ener- 
getically unfavorable. However, the adsorption of 
CO on a kink site reduces the detachment energy 
of CO+Cu molecule-adatom couples to 0.63 eV 
because of the difference in CO adsorption energy 
on a kink site and on a Cu adatom, which we 
calculated as -0.77 eV and -0.96 eV, respectively. 
The mobility of the Cu adatoms on (111) terraces 
can be predicted from the calculated potential 
energy surface that shows a diffusion barrier of 
0.14 eV (fig. S5) (23). This barrier decreases to 
0.10 eV for the Cu+CO couple. The lowering of 
the binding energy of metal atoms by adsorbed 
CO, leading to their detachment from the steps 
and their higher mobility on the terrace, is known 
as the “harpooning” effect (37). The higher density 
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Fig. 3. STM images and AES spectra taken after evacuation of the CO gas phase. (A) STM images 
show that the Cu clusters remain on the surface in the presence of 2 x 10°? Torr of water 0.5 hours after 
evacuation [V, = 0.5 V; |, = 0.5 nA]. Expanded image in inset [Vp = 15 V; k = 0.2 nA]. (B) AES after 
evacuation of the gas-phase CO from different initial pressures. The dissociative adsorption of H2O on 
the cluster-covered surface is evident from the increasing intensity of the O peak. (C) Similar observation 


using XPS in the Synchrotron chamber. 


Fig. 4. APXPS experiments of H20 
adsorption on Cu(111), with and without 
pre-adsorption of CO. (A) H20 adsorption 


after CO-induced morphological changes. At 
From bottom: under 0.5 Torr of CO; after 
pump down to 2 x 10°? Torr, mostly 
containing water [mass spectra shown in 
fig. S8 (23)]; under 0.05 Torr of water; and 
(top) under 0.4 Torr of a 3:1 gas mixture of 
CO and H20. Water dissociation is activated 
by the large increase of low-coordinated 
sites produced by the CO-induced nano- 
cluster formation. In the presence of both 
water and CO (top), only OH and H20 
species are observed because of the effi- 
cient reaction of CO with atomic O (24). 
(B) APXPS of a pristine Cu(111) (i.e., not 
exposed to CO) in the presence of 0.1 Torr 
of HzO. The weak adsorption peaks of H20 
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and OH [compare with top two spectra in 
(A)] probably arise from adsorption on the 
defect sites. 


and diffusion rate of Cu+CO couples on the sur- 
face is the reason for their coalescence into clusters. 

A detailed look at the Cu clusters, colored in 
Fig. 2A, shows that two types of CO decoration 
motifs exist, with Cs and C3 symmetry (Fig. 2, B 
and C). To explain the formation, stability, and 
structure of these clusters, we start by placing 
six CO molecules on the six corner Cu atoms of 
a 19-atom hexagon, plus one additional CO on 
the top site of the center atom. The DFT calcula- 
tion for this cluster provides a CO adsorption 
energy of 0.83 eV on the low-coordinated corner 
sites, much greater than the 0.47-eV adsorption 
energy on the flat terrace. The adsorption energy 
of CO in the cluster’s center is 0.47 eV, similar to 
the flat surface. The total energy gain from the 


538 536 534 532 530 528 


Binding energy (eV) pathwayi2anolee 
pathway 1: with or after CO 


six corner CO molecules (2.16 eV) is not enough 
to overcome the formation energy of a 19-atom 
cluster, which we calculated to be 3.61 eV (table 
$2) (23). Adsorption of CO molecules to each Cu 
periphery atom (i.e., including those in the middle 
of each side), however, results in an energy gain 
averaging 0.82 eV per CO. Hence, the formation 
of the 19-atom cluster with 13 CO molecules is 
-0.59 eV (Fig. 2B), meaning that it is energeti- 
cally favorable (table S2) (23). The CO molecules 
on this cluster have different adsorption geome- 
tries with tilt angles of 0° 26° and 37° with respect 
to the surface normal for the central, edge, and 
corner CO molecules, respectively. 

The observation of only six bright spots at the 
periphery (plus the central spot) is related to the 
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electronic structure and tunneling probability of 
the different CO molecules. We illustrate this by 
calculating the tunneling current probability using 
the standard Bardeen approximation [equations 
2 and 3 in (23)] and the calculated partial density 
of states (DOS) for CO molecules on the cluster 
and on the tip (fig. S6) (23). The calculation re- 
veals that the CO molecules on the corners indeed 
have greater tunneling contributions than the 
CO molecules on the edges, qualitatively explain- 
ing the experimentally observed contrast of the 
STM images with the six bright spots plus one 
in the center, as shown in Fig. 2, B and D. We 
could explain the threefold symmetry of some of 
the 19 atom clusters by adding three Cu atoms at 
the center of the 19 atoms. These three low- 
coordinated Cu atoms, producing the bright 
center of the cluster images, can bind three ad- 
ditional CO molecules and distort the tilt angles 
of the peripheral CO molecules, as shown in Fig. 
2, C and E [(details are shown in (23)]. 

Finally, we investigated the effect of clustering 
on surface reactivity for the WGS reaction (i.e., 
CO+H,0<?CO,+H,), which Cu catalyzes. Water 
does not adsorb on the Cu(111) surface at room 
temperature (Fig. 4B) (32), whereas it dissocia- 
tively adsorbs on the more active Cu(110) surface 
(32). Once the gas phase CO at 1 Torr was pumped 
away, the STM images revealed that the Cu 
clusters were still present, although atomic res- 
olution could not be achieved, likely because 
of the absence of CO molecules adsorbed on the 
tip in high vacuum (Fig. 3A). In the presence of 
2 x 10°° Torr of H,0, the cluster-covered sur- 
face was very active in dissociating water, as 
shown by the increasing oxygen peak in both 
the Auger electron spectra (AES) shown in Fig. 
3B, and in the XPS spectra shown in Fig. 3C. 
The APXPS spectrum indicates that the O peak 
is a result of the dissociative adsorption of H,O 
(Fig. 4A) and that no such peak appears after 
experiments at 0.1 Torr of CO because clustering 
of the Cu did not occur at lower CO pressures 
(Figs. 1B and 3B). A similar effect was also ob- 
served during exposure to CO+H,O mixtures, as 
shown in Fig. 4A. The pristine Cu(111) surface, on 
the other hand, not pre-exposed to CO, is inactive 
(Fig. 4B). 

Our findings open the possibility that other 
soft materials (e.g., Ag, Au, and Zn) can similarly 
undergo large reconstructions at sufficiently high 
pressures of CO (or other molecules). We have also 
demonstrated that the inactive (111) face of Cu for 
water dissociation, a key step in the water-gas shift 
reaction, becomes highly activated as a result of 
the CO-induced clustering. The need for this type 
of study to extend our understanding of the working 
of catalysts under operating conditions is clear. 
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Enhanced East Pacific Rise 
hydrothermal activity during the last 
two glacial terminations 


D. C. Lund,’* P. D. Asimow,” K. A. Farley,” T. O. Rooney,” E. Seeley,’ 


E. W. Jackson,* Z. M. Durham* 


Mid-ocean ridge magmatism is driven by seafloor spreading and decompression melting 
of the upper mantle. Melt production is apparently modulated by glacial-interglacial 
changes in sea level, raising the possibility that magmatic flux acts as a negative feedback 
on ice-sheet size. The timing of melt variability is poorly constrained, however, precluding 

a clear link between ridge magmatism and Pleistocene climate transitions. Here we present 
well-dated sedimentary records from the East Pacific Rise that show evidence of enhanced 
hydrothermal activity during the last two glacial terminations. We suggest that glacial maxima 
and lowering of sea level caused anomalous melting in the upper mantle and that the 
subsequent magmatic anomalies promoted deglaciation through the release of mantle heat 


and carbon at mid-ocean ridges. 


ea level-driven pressure variations due to 
the growth and decay of ice sheets likely 
modulate melt production in the upper 
mantle on Milankovitch time scales (J, 2). 
Model simulations suggest that the mag- 
nitude of the resulting signal at mid-ocean ridges 
depends on the plate spreading rate, the melt 
extraction velocity, and the thermal properties 
of the lithosphere (J, 3). Because of the slow 
rate of melt migration in the upper mantle, the 
magmatic signal at ridges probably lags changes 
in sea level by thousands of years (1). Surveys of 


ridge bathymetry reveal Milankovitch-scale fre- 
quencies in abyssal-hill spacing, consistent with 
the sea-level hypothesis (3, 4). Bathymetry records 
are subject to geological damping effects and 
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substantial age uncertainties, however, and they 
therefore require validation with other proxies. 
Because hydrothermal activity along ridge sec- 
tions is ultimately driven by magmatic heat, sed- 
imentary records of hydrothermal output can 
be used to assess the sea-level hypothesis and 
determine the timing of magmatic anomalies 
relative to key Pleistocene climate transitions. 
The southern East Pacific Rise (SEPR) has the 
fastest spreading rate and the highest magmatic 
budget of any ridge in the global mid-ocean ridge 
system (5). Due to its elevated magmatism, the 
SEPR has over 50 known active vent sites from 
5°S to 37°S (6), consistent with the global trend 
in plume incidence versus magmatic budget for 
ridges spanning a range of spreading rates (5, 7). 
Intense hydrothermal venting and topographical- 
ly steered flow of plumes along the SEPR create 
a spatially integrated pattern of metalliferous sed- 
iments near the ridge crest (8-10). Compared 
with slower ridges, SEPR sediments have anoma- 
lously high metal concentrations (8, 11), suggesting 
that magmatism is the primary factor governing 
hydrothermal input to these sedimentary archives 
on geologic time scales. Hydrothermal plume par- 
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ticles are highly enriched in elements that are 
derived directly from vents and scavenged from 
seawater. Variations in the flux of these elements 
to ridge-flank sediments should therefore reflect 
long-term changes in hydrothermal activity. 

We used a multiproxy geochemical strategy to 
reconstruct SEPR hydrothermal activity during 
the last glacial cycle. We analyzed a total of sev- 
en ridge-crest cores from 6°S and 11°S, where 
the half-spreading rate averages 75 mm/year 
(Fig. 1). Together with two published records from 
near the East Pacific Rise (EPR)-Dietz volcanic- 
ridge triple junction at 1°N (12), the locations 
span a range of spreading rates, sedimentary en- 
vironments, and surface-ocean productivity re- 
gimes. To control for spatial heterogeneity in 
plume incidence versus magmatic budget (7), the 
sampling locations span three separate EPR seg- 
ments. At each segment, we analyzed cores from 
both sides of the ridge axis to address potential 
biases due to horizontal sediment focusing, bio- 
turbation, and spatial variability in hydrothermal- 
plume direction. Radiocarbon and oxygen isotopic 
analyses of planktonic foraminifera provided age 
control for each core (73). Major and trace ele- 
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Fig. 1. Map of sampling sites near the EPR. Core locations include 1°N (cores KLHO68 and KLHO93) 
(12), 6°S (core Y71-09-104 in blue, Y71-09-106 in red, and Y71-09-115 in black), and 11°S (cores Y71-07-47 
and Y71-07-49 in magenta and Y71-07-51 and Y71-07-53 in black). Also shown is the location of the 
bathymetry record at 17°S (4). Half-spreading rates are shown in white (www.I|deo.columbia.edu/~menke/ 
plates.html). The half-spreading rate at 1°N (17 mm/year measured at Dietz volcanic ridge) is from (29). 
The map was generated using GeoMapApp (www.geomapapp.org). 
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ment concentrations were determined using x-ray 
fluorescence (XRF) and inductively coupled plas- 
ma mass spectrometry (ICP-MS). The fluxes of 
hydrothermal components were estimated using 
both mass accumulation rates and the *He nor- 
malization method (73). Given that plume parti- 
cles primarily consist of Fe oxyhydroxides and 
Mn oxides (J4), we used sedimentary Fe and Mn 
to track hydrothermal inputs. To cross-check the 
Fe and Mn results, we also measured arsenic, which 
is scavenged from seawater by Fe oxyhydroxides 
and varies coherently with Fe in hydrothermal- 
plume particles (75) and SEPR sediments (6). 

Oxygen stable isotope records from 1°N, 6°S, 
and 11°S outline marine isotope stages 1, 2, and 3, 
indicating that there has been minimal strati- 
graphic disturbance of the cores due to sediment 
winnowing or downslope transport (Fig. 2). The 
flux of Fe in all nine records peaks between 
10 and 20 thousand years before the present 
(ky B.P.). Manganese fluxes to EPR sediments 
follow a similar pattern, with maximum values 
centered at ~15 ky B.P. Arsenic fluxes at 6°S 
and 11°S reach a maximum between 10 and 20 ky 
B.P., supporting the Fe and Mn results. Offsets 
between time series are generally 5 ky or less 
(Fig. 2), similar to the age uncertainty associa- 
ted with the mass accumulation rate method (73). 
Results from the *He normalization technique, 
which yields fluxes that are insensitive to age- 
model uncertainty, show that positive shifts in 
metal fluxes at 11°S and 6°S occurred within 2 ky 
of one another (fig. S1). Thus, the overall pattern 
for the past 50 ky is one of coherent variations 
in hydrothermal sedimentation along 1300 km 
of the EPR, with maximum metal inputs coincid- 
ing with the last deglaciation (Termination I). 

Two cores at 11°S span the penultimate de- 
glaciation (Termination II), including core Y71- 
07-53 on the western flank of the SEPR and core 
Y71-07-47 on the eastern flank (Fig. 3). Metal 
fluxes are higher in the western-flank core, con- 
sistent with the east-west contrast in the shorter 
records (Fig. 2) and the spatial pattern in metal 
concentrations of late Holocene sediments (8). 
In the western-flank core, the flux of each metal 
increases markedly at ~140 ky B.P., reaches a 
maximum by 130 ky B.P., and then returns to 
background levels by 120 ky B.P. (Fig. 3). A sim- 
ilar pattern occurs in the eastern-flank core. The 
contemporaneous signal at these locations indi- 
cates that hydrothermal inputs on each side of 
the ridge crest varied in phase. The records also 
show that the maximum flux of hydrothermal 
metals coincided with Termination II, similar to 
the pattern for Termination I. 

Diagenetic overprinting, horizontal sediment 
focusing, and dilution with nonhydrothermal 
components can complicate the interpretation 
of hydrothermal proxies. Diagenetic remobili- 
zation should influence Fe oxyhydroxides and 
MnO, differently, given the large offset in their 
redox potentials (7), yet we observed coherent 
down-core variations in Fe, Mn, and As, regard- 
less of location. Furthermore, down-core Fe/Mn 
ratios generally fall within the expected range 
for hydrothermal input (8). Anomalously high 
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Fe/Mn ratios at 1°N are probably due to 
suboxic diagenesis and Mn remobilization 
(13). At the 1°N locations, near-zero Mn levels 
before 20 ky BP are likely driven by MnO, 
reduction and upward migration of dissolved 
Mn?*. Nevertheless, the overall coherent pat- 
tern in Fe records from the high-productivity 
equatorial Pacific (1°N) to the northern edge of 
the subtropical gyre (11°S) indicates that the 
organic carbon flux to the sediments is not a 
first-order control on down-core metal varia- 
bility. Sediment focusing is an equally unlikely 
explanation, given the similar pattern in 
multiple cores from a range of sedimentary 
environments. Focusing factors estimated using 
°He also show no evidence for anomalous 
horizontal sediment transport during Termi- 
nation I (fig. $3). Lastly, the °He-based metal 


fluxes are consistent with the mass accu- 
mulation rate results, indicating that carbon- 
ate dilution was not a primary driver of the 
down-core signal. Taken together, these lines 
of evidence indicate that the metal fluxes 
primarily reflect the input of hydrothermal- 
plume particles to ridge-crest sediments. 

The temporal variability in metal fluxes is sim- 
ilar to that in seafloor bathymetry at 17°S on 
the SEPR, implying that both have a common 
driver (Fig. 4). A lowering of sea level due to 
ice-sheet expansion would promote decompres- 
sion melting in the upper mantle. The resulting 
increase in melt delivery to the ridge crest should 
result in shoaling of the bathymetry and greater 
hydrothermal activity (7, 3). Ice-sheet retreat and 
rising sea level would have the opposite effect. 
Shallower bathymetry on the SEPR generally 


corresponds to elevated hydrothermal fluxes, 
consistent with the expected pattern (Fig. 4). 
The bathymetry record lags the hydrothermal 
proxies by ~10 ky, however (fig. S4). The offset is 
most likely due to age uncertainty in the bathy- 
metry time series, where the age model is based 
on a half-spreading rate that optimizes the match 
between the bathymetry and atmospheric CO, 
records (4). More generally, age constraints for 
late Pleistocene oceanic crust are limited to two 
control points, an assumed zero age at the ridge 
crest and the Brunhes-Matuyama boundary at 
780 ky B.P. Even if reliable absolute ages were 
available for individual abyssal hills, it is unlikely 
that their bathymetry would reflect only the melt 
delivery that occurred when that oceanic crust 
was at the ridge crest, because of the confound- 
ing influences of lower crustal accretion, surface 
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fluxes occur during Termination | (gray vertical bar). 


Typical errors for each record (crosses in each panel) represent the uncertainty of the flux estimates (vertical line) and age model error (horizontal line). 
Calendar-corrected radiocarbon ages are shown as triangles. Approximate time intervals for marine isotope stages 1 to 3 are indicated in the top row of panels. 
Arsenic results are not available for cores collected at 1°N because these cores were analyzed using XRF rather than ICP-MS (12). 
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lava flows, and vertical and horizontal offsets of 
crustal blocks by faulting (3, 4, 18, 19). Although 
bathymetric time series are useful for identifying 
Milankovitch frequencies, the absolute timing 
of events is poorly constrained by these records. 
Hydrothermal proxies, on the other hand, can 
be accurately dated using radiocarbon and oxy- 
gen isotope stratigraphy. As a result, we are able 
to infer that intervals of intense hydrothermal 
activity on the EPR occurred during the last two 
glacial terminations. 

The coincidence in timing between hydrother- 
mal maxima and glacial terminations implies 
that there may be a direct causal relationship 
between sea-level rise and hydrothermal activity. 
Our understanding of the physical mechanisms 
of decompression melting and melt migration 
to the ridge axis suggests a more complex rela- 
tionship, however. Proxies of magmatic flux should 


wo 


lag sea-level changes by thousands of years, be- 
cause of the slow rate of melt migration from the 
magma source region to the ridge axis (7). During 
the Last Glacial Maximum, the maximum rate of 
sea-level decrease (and hence of pressure release 
in the melting regime) occurred between 30 and 
25 ky B.P. (20), or 15 + 5 ky before the inferred 
maximum in EPR hydrothermal activity (Fig. 2). 
We observed a similar lag between the maximum 
rate of sea-level rise at ~15 ky B.P. (20) and the 
late Holocene minimum in metal flux. Assuming 
an average melt origin depth of 50 km (2D), the 
implied melt extraction velocities range from 
2.5 to 5 m/year, which is consistent with the rate 
of >1 m/year implied by U/Th disequilibrium 
in zero-age mid-ocean ridge basalts (22) but 
much lower than the estimates of >50 m/year 
based on the time lag between deglaciation and 
volcanism in Iceland (23). Our estimate is inde- 
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are not available for core 
Y71-07-47 because it 
was analyzed using XRF 
rather than ICP-MS. 


pendent of previous methods and provides a 
range of constraints for refining models of melt 
extraction at fast spreading centers. 

Our results support the hypothesis that en- 
hanced ridge magmatism, hydrothermal output, 
and perhaps mantle CO, flux act as a negative 
feedback on ice-sheet size (1, 4). Although the 
modern carbon output from ridges is small (0.02 
to 0.2 Pg C/year) (24), the flux probably increased 
as a result of sea-level modulation. Carbon sources 
at off-axis locations, backarc basins, and island 
arcs may also amplify the mid-ocean ridge signal 
(2). The long melt-migration times for carbon- 
rich melts may lead to considerable differences 
in timing between hydrothermal and carbon-flux 
variations, however (25). Another mechanism 
whereby magmatic variations may influence 
climate is the hydrothermal heat flux itself. En- 
hanced geothermal heat flux should warm and 
destabilize the deep ocean (26), with excess heat 
emerging along isopycnals into the surface South- 
ern Ocean (26, 27). Temperatures in the deep 
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Fig. 4. Normalized metal fluxes at 11°S com- 
pared with EPR bathymetry. The hydrothermal 
time series are from the eastern (magenta) and 
western (black) flanks of the EPR and include (A) 
Fe flux, (B) Mn flux, and (C) As flux. We normalized 
each record by subtracting the mean and dividing 
by the standard deviation of each time series to 
facilitate comparison between cores with differ- 
ent mean metal concentrations. The results include 
both discrete samples (thin lines) and time series 
smoothed with a 20-ky-wide Gaussian window 
(thick lines) to approximate the resolution of the 
bathymetry compilation at 17°S (gray lines) (4). 
Fluxes from O to 40 ky are based on the results 
from Fig. 2; the interval from 40 to 200 ky B.P. is 
based on results shown in Fig. 3. 
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eastern tropical Pacific and Antarctica peaked 
during each of the last two glacial terminations 
(28), consistent with the timing of enhanced EPR 
hydrothermal activity. 

Isolating a mechanistic linkage between ridge 
magmatism and glacial terminations will require 
a suite of detailed proxy records from multiple 
ridges that are sensitive to mantle carbon and 
geothermal inputs, as well as modeling studies 
of their influence in the ocean interior. The 
EPR results establish the timing of hydrothermal 
anomalies, an essential prerequisite for deter- 
mining whether ridge magmatism can act as a 
negative feedback on ice-sheet size. The data 
presented here demonstrate that EPR hydro- 
thermal output increased after the two largest 
glacial maxima of the past 200,000 years, im- 
plicating mid-ocean ridge magmatism in glacial 
terminations. 
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Ancient Babylonian astronomers 
calculated Jupiter’s position from the 
area under a time-velocity graph 


Mathieu Ossendrijver* 


The idea of computing a body’s displacement as an area in time-velocity space is usually traced 
back to 14th-century Europe. | show that in four ancient Babylonian cuneiform tablets, Jupiter’s 
displacement along the ecliptic is computed as the area of a trapezoidal figure obtained by 
drawing its daily displacement against time. This interpretation is prompted by a newly 
discovered tablet on which the same computation is presented in an equivalent arithmetical 
formulation. The tablets date from 350 to 50 BCE. The trapezoid procedures offer the first 
evidence for the use of geometrical methods in Babylonian mathematical astronomy, which was 
thus far viewed as operating exclusively with arithmetical concepts. 


he so-called trapezoid procedures examined 

in this paper have long puzzled historians 

of Babylonian astronomy. They belong to 

the corpus of Babylonian mathematical as- 

tronomy, which comprises about 450 tab- 
lets from Babylon and Uruk dating between 400 
and 50 BCE. Approximately 340 of these tablets 
are tables with computed planetary or lunar data 
arranged in rows and columns (7). The remaining 
110 tablets are procedure texts with computa- 
tional instructions (2), mostly aimed at comput- 
ing or verifying the tables. In all of these texts the 
zodiac, invented in Babylonia near the end of the 
fifth century BCE (3), is used as a coordinate sys- 
tem for computing celestial positions. The un- 
derlying algorithms are structured as branching 
chains of arithmetical operations (additions, sub- 
tractions, and multiplications) that can be rep- 
resented as flow charts (2). Geometrical concepts 
are conspicuously absent from these texts, whereas 
they are very common in the Babylonian mathe- 
matical corpus (4-7). Currently four tablets, most 
likely written in Babylon between 350 and 50 BCE, 
are known to preserve portions of a trapezoid 
procedure (8). Of the four procedures, here labeled 
B to E (figs. S1 to $4), one (B) preserves a men- 
tion of Jupiter and three (B, C, E) are embedded 
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in compendia of procedures dealing exclusively 
with Jupiter. The previously unpublished text D 
probably belongs to a similar compendium for 
Jupiter. In spite of these indications of a connec- 
tion with Jupiter, their astronomical significance 
was previously not acknowledged or understood 
(1, 2, 6). 

A recently discovered tablet containing an un- 
published procedure text, here labeled text A (Fig. 1), 
sheds new light on the trapezoid procedures. Text A 
most likely originates from the same period and 
location (Babylon) as texts B to E (8). It contains 
a nearly complete set of instructions for Jupiter’s 
motion along the ecliptic in accordance with the 
so-called scheme X.S; (2). Before the discovery of 
text A, this scheme was too fragmentarily known 
for identifying its connection with the trapezoid 
procedures. Covering one complete synodic cycle, 
scheme X.S, begins with Jupiter’s heliacal rising 
(first visible rising at dawn), continuing with its 
first station (beginning of apparent retrograde 
motion), acronychal rising (last visible rising at 
dusk), second station (end of retrograde motion), 
and heliacal setting (last visible setting at dusk) 
(2). Scheme X.S, and the four trapezoid procedures 
are here shown to contain or imply mathematically 
equivalent descriptions of Jupiter’s motion during 
the first 60 days after its first appearance. Whereas 
scheme X.S, employs a purely arithmetical ter- 
minology, the trapezoid procedures operate with 
geometrical entities. 
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In text A, Jupiter’s motion along the ecliptic is 
described in terms of its daily displacement (mod- 
ern symbol: v) expressed in °/d (degrees/day) and 
its total displacement (S) expressed in degrees. A 
crucial new insight about scheme X.S, provided 
by text A concerns its use of piecewise linearly 
changing values for v. Although not formulated 
explicitly, this linear dependence on time is clearly 
implied (8). Jupiter’s motion along the ecliptic is 
described for two consecutive intervals of 60 days 
between its first appearance and its first station. 
For each interval, initial and final values of v are 
provided. Note that Babylonian astronomy em- 
ploys a sexagesimal; i-e., base-60 place-value system 


A 
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N OO WwW BB W NY 


0 1 2 


3 cm 


in which numbers are represented as sequences of 
digits between O and 59, each associated with a 
power of 60 that decreases in the right direction. In 
the commonly used modern notation for these 
numbers, all digits are separated by commas, ex- 
cept for the digit pertaining to 60°, which is 
separated from the next one pertaining to 6077 
by a semicolon (;), the analog of our decimal point. 
For the first interval of 60 days, vp = 0;12°/d (=12/60) 
and vo = 0;9,30°/d (=9/60 + 30/607). Their sum 
is multiplied by 0;30 (=1/2), resulting in a mean 
value (Up + U6o)/2 = 0;10,45°/d, which is multi- 
plied by 1,0 (=60) days, resulting in a total 
displacement S = 1,0°(v9 + V6o)/2 = 10;45°. For 


Fig. 1. Photograph of text A (lines 1 to 7). (A) Full image. (B) Partial image of the right side taken 


under different lighting conditions. 
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Fig. 2. Time-velocity graph of Jupiter’s motion. Daily displacement along the ecliptic (v) between 
Jupiter's first appearance (day 0) and its first station (day 120) as a function of time according to scheme X.S; 
as inferred from text A. All numbers and axis labels are in sexagesimal place-value notation. The areas of the 
trapezoids, 10;45° and 5;30° each represent Jupiter's total displacement during one interval of 60 days. 
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the second interval, Veo = 0;9,30°/d and V9 = 
0;1,30°/d (=1/60 + 30/607), leading to (vg + 
Vy20)/2 = 0;5,30°/d and S = 5;30°. The sum of 
the total displacements, 10;45° + 5;30° = 16;15° is 
declared to be the total distance by which Jupiter 
proceeds along the ecliptic in 120 days. In other 
words, the ecliptic longitude of Jupiter after 60 
and 120 days is computed as Ago = Ao + 10;45° 
and Aj20 = Ao + 16;15°, respectively. 

Text A does not describe how v varies from day 
to day, but of the three forms of time dependence 
of vw that are attested in Babylonian planetary 
texts—piecewise constant, linear, or quadratic in 
each time interval (2, 9)—only the linear one comes 
into question. If v were piecewise constant, then 
S should equal 60¢v for each interval. If v were 
Piecewise quadratic, then S = 60¢(vo + Vgo)/2 can 
only be some rough approximation. That would 
be unexpected, since other tablets imply that some 
Babylonian scholars in this period were familiar 
with the exact algorithm for summing a quadratic 
series (9, 10). By contrast, the values of S computed 
in text A are exact if one assumes that v changes 
linearly in each interval. It follows that in scheme 
X.S;, v decreases linearly from 0;12°/d to 0;9,30°/d 
between day 0 and day 60, and from 0;9,30°/d to 
0;1,30°/d between day 60 and day 120. 

This new reconstruction of the first 120 days of 
scheme X.S, results in trapezoidal figures if v is 
plotted against time in a modern fashion (Fig. 2). 
It is important to note that text A itself does not 
contain or imply a geometrical representation. 
However, it turns out to be explicitly formulated 
in the trapezoid procedures, texts B to E (figs. S1 
to S4). Although their formulation differs in details, 
at least three of them (B to D) consist of the same 
two parts, I and II. 

In part I, Jupiter’s total displacement for the 
first 60 days of scheme X.S is computed. A cor- 
responding introductory statement mentioning 
Jupiter and the measures of the trapezoid is part- 
ly preserved in texts B and C, and perhaps in text 
E (8). The number 10;45, referred to as the “area” 
of the trapezoid (B, C), is then added to the “po- 
sition of appearance” (B, C, D), the technical term 
for Jupiter's ecliptical longitude at first appearance, 
1.€., Ago = Ao + 10;45°. Texts B and C partly preserve 
the computation of 10;45 as the area of the trap- 
ezoid through a series of steps equivalent to the 
computations in text A. Its “large side” and “small 
side,” Vo = 0;12°/d and veo = 0;9,30°/d, are av- 
eraged, (Uo + Ugo)/2 = 0;10,45°/d, which is then 
multiplied by 60 days, the width of the trapezoid, 
resulting in 10;45° The latter operation is partly 
preserved in text C and can be restored in text B. 

Part II, partly preserved in texts B, D, and E, is 
concerned with the time in which Jupiter reaches 
a position referred to by a term tentatively trans- 
lated as the “crossing” (8). It is now clear that this 
denotes a point on the ecliptic, say A,, located 
halfway between Ag and Ago, L.€., Ac = Ag + 10;45°/2. 
This interpretation is consistent with a statement, 
preserved only in text B, according to which the 
“crossing” is located in the middle of Jupiter’s 
“path,” readily interpreted as a reference to the 
ecliptical segment from Ag to Ago. Texts B and 
D also preserve the following statement that 
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Fig. 3. Partitioning the trapezoid for 
days 0 to 60. The time at which 
Jupiter reaches the “crossing,” te, 
where it has covered the distance 
5:22,30° = 10;45°/2, is computed 
geometrically by dividing the trapezoid 
for days O to 60 into two smaller 
trapezoids of equal area. In text E, v, is 


0512 


0;10 


0;8 
rounded to 0;10,50°/d, resulting in t, = , 
28 d, S; = 5;19,40°% to = 32 d, and So = 
5;25,20° 0;6 
0;4 
0;2 
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precedes the solution procedure: “Concerning 
this 10;45, you see when it is halved.” The time 
in which Jupiter reaches i,, say t,, is then com- 
puted by the following geometrical method: The 
trapezoid for days 0 to 60 is divided into two 
smaller trapezoids of equal area (Fig. 3). In order 
to achieve this, the Babylonian astronomers ap- 
plied a partition procedure that is well-attested in 
Old Babylonian (2000 to 1800 BCE) mathematics 
(5, 6). In modern terms, it can be formulated as 
follows: If vg and v¢o are the parallel sides of a 
trapezoid, then the intermediate parallel that 
divides it into two trapezoids of equal area has a 
height v, = [(vo7 + 060-2]! ? In the present case, 
v, denotes Jupiter’s daily displacement when it 
is at the “crossing.” This expression follows from 
equating the areas of the partial trapezoids, S, = 
t.°(Vo + Uc)/2 = So = to*(Ve + Veo)/2, Where t, and to 
are the widths of these trapezoids, and using ¢, = 
te(Vg - Ue)/(Wo - Veo), Where t = t, + t is the 
width of the original trapezoid (6, 10). Inserting 
Vo = 0312°/d, Veo = 0;9,30°/d, and t = 1,0 d, we ob- 
tain v, = [(0;2,24 + 0;1,30,15)/2]"? = (0;1,57,7,30)"? = 
0;10,49,20,44,58,...°/d, t. = 28;15,42,0,48,...d, and 
ty = 31;44,17,59,12,...d. The computation of v, is 
partly preserved in text D up to the addition 
0;2,24 + 0;1,30,15 (8). In text B, the related quan- 
tity uw? = (Wo? - v60")/2 = (032,24 - 051,30,15)/2 = 
0;0,26,52,30 is computed. This was most likely 
followed by another step in which v, was com- 
puted using v.” = vp” - u*. Whereas all known 
Old Babylonian examples of the partition algo- 
rithm concern trapezoids for which v,, vp, and 
Ueo are terminating sexagesimal numbers (6), the 
present solution does not terminate in the sex- 
agesimal system. Hence, texts B to E can only 
have offered rounded results for v, and t,. Nothing 
remains of this in texts B to D, but text E partly 
preserves a computation involving 0;10,50, which 
is, most plausibly, an approximation of v,. This 
interpretation is confirmed by the fact that text 
E also mentions the value ¢, = 28 d and, very 
likely, ¢, = 32 d, both in exact agreement with 
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t=28;15,42.... 


t. = 60°(Wg - U,)/(Wo - Veo) and ty = 60 - t. if one 
approximates v, = 0;10,50°/d. By rounding ~,, 
only an approximately equal partition of the trap- 
ezoid is achieved. 

Also partly preserved in text E is a computa- 
tion of the area of the second partial trapezoid, 
using the same method as before, leading to S, = 
ty°(Ue + Vgeo)/2, Where ty = 32 days, Vv. = 0;10,50°/d, 
and vgo = 0;9,30°/d. The value of S, is broken 
away but can be restored as 5;25,20° The probable 
purpose of this computation was to verify the 
solution for v,, as is done in the Old Babylonian 
mathematical text UET 5, 858 (5, 11). The anal- 
ogous computation of the area of the first par- 
tial trapezoid, which can be reconstructed as S, = 
t.*(Uo + Uc)/2 = 5;19,409, is not preserved. Neither 
of these values equals 5;22,30° = S/2 as they 
ideally should (Fig. 3), a direct consequence of the 
rounding of v, to 0;10,50°/d. At most two more 
lines are partly preserved in texts B, D, and E, but 
they are too fragmentary for an interpretation. 

The evidence presented here demonstrates 
that Babylonian astronomers construed Jupiter's 
displacement along the ecliptic during the first 
60 days after its first appearance as the area of a 
trapezoid in time-velocity space. Moreover, they 
computed the time when Jupiter covers half this 
distance by partitioning the trapezoid into two 
smaller ones of ideally equal area. These compu- 
tations predate the use of similar techniques by 
medieval European scholars by at least 14 cen- 
turies. The “Oxford calculators” of the 14th cen- 
tury CE, who were centered at Merton College, 
Oxford, are credited with formulating the “Mer- 
tonian mean speed theorem” for the distance 
traveled by a uniformly accelerating body, cor- 
responding to the modern formula s = te(vp + 
0,)/2, where vp and v, are the initial and final 
velocities (12, 13). In the same century Nicole 
Oresme, in Paris, devised graphical methods that 
enabled him to prove this relation by computing 
§ as the area of a trapezoid of width ¢ and heights 
Uo and v, (72). Part I of the Babylonian trapezoid 


procedures can be viewed as a concrete example 
of the same computation. They also show that 
Babylonian astronomers did, at least occasionally, 
use geometrical methods for computing planetary 
positions. Ancient Greek astronomers such as 
Aristarchus of Samos, Hipparchus, and Claudius 
Ptolemy also used geometrical methods (12), 
while arithmetical methods are attested in the 
Antikythera mechanism (/4) and in Greco-Roman 
astronomical papyri from Egypt (15). However, 
the Babylonian trapezoid procedures are geo- 
metrical in a different sense than the methods 
of the mentioned Greek astronomers, since the 
geometrical figures describe configurations not 
in physical space but in an abstract mathemat- 
ical space defined by time and velocity (daily 
displacement). 
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SUPERCONDUCTIVITY 


Emergence of superconductivity 
in the canonical heavy-electron 


metal YbRh»Si> 


Erwin Schuberth,”?* Marc Tippmann,’ Lucia Steinke,” Stefan Lausberg,” 
Alexander Steppke,” Manuel Brando,” Cornelius Krellner,”** Christoph Geibel,” 


Rong Yu,” Qimiao Si,’* Frank Steglich”’*°* 


The smooth disappearance of antiferromagnetic order in strongly correlated metals 
commonly furnishes the development of unconventional superconductivity. The canonical 
heavy-electron compound YbRh2Siz seems to represent an apparent exception from this 
quantum critical paradigm in that it is not a superconductor at temperature T = 10 
millikelvin (mK). Here we report magnetic and calorimetric measurements on YbRh2Sip, 
down to temperatures as low as T = 1 mK. The data reveal the development of nuclear 
antiferromagnetic order slightly above 2 mK and of heavy-electron superconductivity 
almost concomitantly with this order. Our results demonstrate that superconductivity in 
the vicinity of quantum criticality is a general phenomenon. 


nconventional (i.e., nonphonon-mediated) 

superconductivity, which has been attract- 

ing much interest since the early 1980s, is 

often observed at the border of antiferro- 

magnetic (AF) order (J). As exemplified 
by heavy-electron (or heavy-fermion) metals, 
the suppression of the AF order opens up a wide 
parameter regime where the physics is con- 
trolled by an underlying quantum critical point 
(QCP) (2, 3). A central question, then, concerns 
the interplay between quantum criticality and 
unconventional superconductivity in strongly cor- 
related electron systems such as heavy-electron 
metals. In many heavy-electron metals, supercon- 
ductivity turns out to develop near such a QCP 
(2-5). However, the absence of superconductivity 
in the prototypical quantum critical material 
YbRh,Si, (6) has raised the question as to whether 
the presence of an AF QCP necessarily gives rise 
to the occurrence of superconductivity. Because 
YbRh, Si, exists in the form of high-quality single 
crystals, we are able to address this issue at very 
low temperatures without seriously encoun- 
tering the limitations posed by disorder. YbRh2Sig 
exhibits AF order below a Néel temperature Ta; = 
70 mK. When applied within the basal plane of 
the tetragonal structure, a small magnetic field of 
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B= 60 mT continuously suppresses the magnetic 
order and induces a QCP. Along with those of 
CeRhIn; (7-9) and CeCug_,Au, (JO, 11), the QCP 
in YbRh,Si, has been exclusively demonstrated 
(12, 13) to be of the unconventional type with 
Kondo breakdown (14-16). Electrical resistivity 
measurements down to 10 mK have failed to 
show any indications for superconductivity (6). 
Because a critical field of 60 mT is likely to 
destroy heavy-electron superconductivity with a 
superconducting transition temperature (7,) of 
less than 10 mK, a different means of suppress- 
ing the antiferromagnetism is needed to even- 
tually reveal any potential superconductivity at 
its border. We note that the application of pres- 
sure does not facilitate realization of a QCP in 
an AF Yb-based material, as increased pressure 
will strengthen the magnetic order—contrary 
to the case of Ce-based systems where magnet- 
ism usually becomes weakened by pressure. 
Compared to Ce, which does not exhibit a nuclear 
spin, two of the Yb isotopes have finite nuclear 
spin values [see below and section F of the 
supplementary materials (17)]. 

We have carried out magnetic and calori- 
metric measurements on high-quality YbRh2Si, 
single crystals, using a nuclear-demagnetization 
cryostat with a base temperature of 400 uK (17). 
Figure 1, A and B, display the temperature depen- 
dence of the field-cooled (fc) dc magnetization 
M(T), measured upon warming at various mag- 
netic fields B ranging from 0.09 to 25 mT, ap- 
plied within the basal plane of the YbRh,Si, 
single crystals. The curves display peaks at 70 mK, 
which is the well-established Néel tempera- 
ture for the AF order, as well as additional low- 
temperature anomalies. There is a second peak in 
MC(T)/B at T, ~ 2 mK, which indicates an almost- 
simultaneous onset of a nuclear-dominated AF 
order (“A phase”) and the Meissner effect (see 
below). It is visible above 1 mK up to 23 mT and 
had already been observed previously (78). In 


addition, there is a shoulder around 7, ~ 10 mK, 
as defined in Fig. 1C. Below Tp, the results of 
the fe and zero-field-cooled (zfc) measurements 
become different. This divergence, which is as- 
cribed to superconducting fluctuations [section 
F of (17)], can be followed as a function of the 
magnetic field, up to the limit of our setup (B = 
0.5 mT) for measurements of the dc magnetiza- 
tion cooled at zero field. 

At T ~ 2 mK, the zfc de M(7)/B (0.012 mT) 
shows a sharp increase upon warming, starting 
from negative values (Fig. 1C). This indicates 
a substantial shielding signal due to supercon- 
ductivity. Raising the temperature further, the 
zfc M(T)/B slowly increases until it meets the fc 
curve at 10 mK. To verify this finding, we carried 
out measurements of the ac susceptibility, y,., 
under nearly zero-field conditions [section D of 
(17)]. Its real part, y'a-(T), displays an even more 
pronounced diamagnetic signal (Fig. 1D), larger 
than what was found for the canonical heavy- 
electron superconductor CeCu,Siz (19), again 
confirming the occurrence of superconducting 
shielding. In addition, the reduction of the fc 
magnetization upon cooling below 2 mK reflects 
flux expulsion from the sample (Meissner effect). 
The relatively small Meissner volume of =3% is 
most likely due to strong flux pinning [section C 
of (17)]. As shown in fig. $7, the superconducting 
phase transition is of first order. This suggests 
that superconductivity does not coexist on a 
microscopic basis with AF order, as previously 
observed for A/S-type CeCu2Siz [compare with 
section D of (17)]. 

In Fig. 2A, the specific heat is displayed as 
C(T)/T at B = 2.4. and 59.6 mT, respectively. As 
the electronic specific heat can be completely 
neglected below T = 10 mK (20), C(T) denotes the 
nuclear contribution in this low-T regime. The 
solid lines show the calculated nuclear specific 
heats at various fields from (20), which include 
the quadrupolar as well as the Zeeman terms. At 
zero field, the nuclear specific heat is completely 
dominated by the nuclear quadrupole states, to 
which the Zeeman terms due to the nuclear spin 
states add at B > O. In Fig. 2B, we display AC(71)/T, 
where AC marks the difference between the spe- 
cific heat measured at the lowest field B = 2.4 mT 
and the nuclear quadrupole contribution calcu- 
lated for B = 0 (20). Our AC(T)/T results clearly 
reveal a peak at T ~ 1.7 mK. Assuming a con- 
tinuous phase transition, the transition temper- 
ature can be obtained by replacing the high-T 
part of this peak by a sharp jump while keeping 
the entropy unchanged. This yields a jump height 
of ~1000 J/K? mol and T, = 2 mK (B = 2.4 mT), 
almost coinciding with T, (Fig. 1). Because the 
effect of the magnetic field on the quadrupole 
contribution to the nuclear specific heat is of 
higher order only, we can use the AC(T)/T data 
of Fig. 2B to estimate the nuclear spin entropy 
(at B = 2.4 mT), S(T) [section F of (17)]. Stick = 
1.35 Rln2 (where R is the gas constant), the total 
nuclear spin entropy of YbRh,Si, for B = 2.4 mT, 
is reached at 7’~ 10 mK, where AC(7) vanishes within 
the experimental uncertainty (Fig. 2C). Upon cooling 
to T= Ty, S(T) decreases to ~0.94:S; 4o¢—that is, 
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most of this nuclear spin entropy must be re- 
leased below the phase transition temperature 
Ta. The entropy of the Rh and *°Si spins is tem- 
perature independent at 7 > 1 mK, but the Yb- 
derived spin entropy Sy,(7) decreases by 26% 


upon cooling from 10 to 2 mK [compare with 
section F of (17)]. This indicates substantial short- 
range order, consistent with a second-order 
(antiferro)magnetic phase transition. We stress 
that this very large entropy at ultralow temper- 


atures (Fig. 2C) can only be understood if the 
ordering transition at 7, involves the Yb-derived 
nuclear spins to a substantial degree. 

To explore the role of the nuclear spins in 
the phase diagram [(3, 6) and Fig. 3], we take 


Fig. 1. Temperature dependence of the dc magneti- 
zation and ac susceptibility for YbRh2Si2. (A) Field- 
cooled (fc) dc magnetization curve of YbRh2Si2 taken 
at B = 0.09 mT applied within the basal plane. Three 
main features are clearly visible: the AF phase tran- 
sition at Tar = 70 mK, a shoulder in magnetization at 
Tg = 10 mK, and a sharp peak at T, = 2 mK. (B) Series 
of fe magnetization data taken at fields of 0.10, 1.13, 
1.13, 5.01, 748, 10.12, 15.01, 20.04, 22.42, and 25.02 mT. 
(C) Zero-field-cooled (zfc) and fe dc magnetization 
traces taken at selected small magnetic fields. The traces 
at 0.028, 0.055, and 0.418 mT were shifted upward for 
better visibility. For the smallest magnetic field of 0.012 mT, 
a sharp diamagnetic shielding signal is observed, sug- 
gesting a superconducting phase transition. (D) The ac 
susceptibility was measured using a superconducting 
quantum interference device magnetometer by modu- 
lating a primary coil around the pickup coils. Here we 
show the in-phase signal y'a-(T) (at 17 Hz), having 
compensated the Earth field. The features seen at Tar, 
Tg, and T, in the dc magnetization curve are also de- 
tected by the ac susceptibility. The large negative val- 
ues of the zfc dc magnetization at B = 0.012 mT (Fig. 
1C) and of x'a-(7) indicate superconducting shielding, 
whereas the low-temperature peak in the fc dc mag- 
netization (Fig. 1, A to C) signals the onset of the 
Meissner effect. Measurements in (A) to (D) were per- 
formed on samples 1, 2, 3, and 4, respectively. 
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Fig. 2. Nuclear specific heat 
and entropy of YbRh2Siz2. 
(A) The temperature depen- 
dence of the specific heat C(T) 
of YbRh2Sis divided by T is 
shown for B = 24 and 59.6 mT 
[section E of (17)]. The 2.4-mT 
data extend down to 14 mK. 
The solid lines denote the cal- 
culated nuclear specific heat 
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from (20), which is the sum 
of the quadrupolar term and 
the Zeeman term with three 


selected field-induced Yb-derived ordered magnetic moments: 0.01, 0.05, and 0.15(typ/uUg). 
The large errors at temperatures above 10 mK are due to the uncertainty in the subtraction 
q of the addendum [section E of (17)]. (B) AC(T)/T was obtained by subtracting the nuclear 
100 quadrupolar contribution calculated for B = O from the data at B = 2.4 mT. A peak in AC(T)/T 
occurs at =1.7 mK. Assuming the transition to be of second order, an equal-area construction 
yields a nuclear phase transition temperature T, = 2 mK. This coincides with the peak 
position found in the dc magnetization (compare with Fig. 1)—that is, the superconducting critical temperature T, at 2.4 mT. The associated jump of AC(T)/T 
is on the order of 1000 J/K? mol. The error bars reflect the statistical error in the measurements of the specific heat by using a quasi-static heat-pulse 
technique, as well as the relaxation method. In the latter case, the error bar contains the statistical error in determining both the relaxation time and the heat 
conductivity of the weak link. In total, two runs have been performed for each field; therefore, four sets of data at the same temperature were used for 
determining the specific heat. Each data point was weighted by its reciprocal error. At the lowest temperatures, the error associated with the relaxation 
method is essentially smaller than that of the heat-pulse measurement. (C) From AC(T)/T (Fig. 1B), a rough estimate can be made for the nuclear spin 
entropy S\(T) at B = 2.4 mT (see text). We have normalized S\(T) to Si jot, the total nuclear spin entropy in YbRh2Siz at B = 2.4 mT, reached at ~10 mK. By 
subtracting from S\(T) the contribution of the nuclear Si and Rh spins, which is temperature independent at T = 1 mK, we obtain the corresponding values 
Sy,(T) for the nuclear Yb spins. Measurements were performed on sample 3. 
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advantage of the early recognition that hyper- 
fine coupling to nuclear spins can considerably 
influence the electronic spin properties near a 
quantum phase transition (27). Furthermore, mea- 
surements on PrCu, and related compounds have 
demonstrated a large coupling between the elec- 
tronic and nuclear spins in rare-earth-based 
intermetallics at temperatures up to 50 mK (22, 
23). These considerations raise the possibility of 
using the presence of nuclear spins to weaken 
the electronic AF order, thereby enabling the 
formation of a superconducting state. We have 
written down a Landau theory of the interplay 
between the magnetic orders of the electronic 
and nuclear spins. Consider the electronic AF 
order, with an order parameter 7ar at the AF 
wave vector Qaz, as well as two bilinearly coupled 
order parameters, my and mj, the staggered 
magnetizations of the electronic and nuclear 
spins at another finite wave vector Q,; = Qap. The 
bilinear coupling arises from the hyperfine cou- 


pling between the two order parameters having 
the same wave vector. The Landau theory will 
then have the following free-energy functional 


rT 1 
f= 57arOar quaroar 
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where dap, jy, and @; are, respectively, the 
normalized order parameters ™,p, 3, and my; 
the 7 terms are quadratic couplings; the wu 
terms as well as € and n are the intracompo- 
nent as well as intercomponent quartic cou- 
plings; and ( is the bilinear hyperfine coupling 
between two normalized order parameters 
[section G of (77)]. 

Under suitable conditions (77), this can lead to 
two stages of phase transitions (Fig. 4). The 
phase transition at 7, corresponds to the pri- 
mary AF order setting in at ~70 mK and is not much 
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Fig. 3. Generic T versus B phase diagram of YbRh2Siz. This phase diagram (shown on semi-logarithmic 
scales) is obtained from dc magnetization and ac susceptibility measurements in several magnetic fields. 
Four samples were measured, and no sample dependence was found. AF indicates the electronic AF order 
(Tar = 70 mk); PM indicates the paramagnetic state. All data points used to illustrate the AF-PM phase 
boundary Tar(B) were obtained in the present study. The hatched light-blue area indicates the onset of 
A-phase fluctuations, which give rise to a reduction of the staggered magnetization and a splitting of 
the zfc and fe dc magnetization curves (i.e., the beginning of shielding due to superconducting fluc- 
tuations) (Fig. 1C). The two data points (gray triangles) determined via field sweeps of the dc mag- 
netization between 3.6 and 6.0 mK (fig. S4) are most likely not related to these A-phase fluctuations. The 
A + SC phase represents the concurring (dominantly) nuclear AF order and superconductivity, at least at 
fields below 3 to 4 mT. Only at B = O is nearly full shielding observed. The low-temperature limit of our 
experiment is ~800 uk; therefore, we cannot detect the fe dc M(T) peaks above 23 mT. The two red dashed 
lines mark the range within which the A-phase boundary line may end. At low fields (B < 4 mT), the 
transition at ~2 mK is split into two parts (compare with fig. S3). The green circle indicates the su- 
perconducting transition temperature seen in the ac susceptibility at B = O (compare with Fig. 1D), 
whereas the yellow circles (partially covered by the green point) result from the shielding signals in the zfc 
dc magnetization (Fig. 1C). (Inset) These shielding transitions are shown separately on an enlarged scale. 
The superconducting phase boundary 7, versus B is extremely steep at low fields, with -dB.2/dT7, = 25 T/K, 
consistent with results for the canonical heavy-electron superconductor CeCusSis [section A of (17)]. If 
superconductivity exists at higher fields, B.2(T) extrapolates to 30 to 60 mT (at T = 0)—that is, close to the 
critical field of the primary electronic AF phase. 
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affected by the nuclear spins. In a suitable pa- 
rameter range of the Landau theory, the nuclear 6, 
order dominates over the electronic o,; order and, 
furthermore, suppresses the primary electronic 
oar order. A second transition occurs at Thyp, 
which represents a hybrid electronic-nuclear spin 
order. The component that is associated with the 
nuclear spins generates substantial entropy for 
the transition, which explains the large nuclear 
spin entropy that is experimentally observed (Fig. 
2C) [section E of (77)]. In addition, the effective 
g-factor (ge¢) is on the order of g10;/; (where 
Se, is the electron g-factor), which is substantially 
smaller than the bare g-factor for the 4f elec- 
trons. This explains the ge, < 0.1 observed in our 
experiment. 
We thus conclude that the A phase forming at 
T, ~ 2 mKis an electronic-nuclear hybrid phase 
dominated by the Yb-derived nuclear spin order- 
ing. We estimate that the small (1 to 2%) 4¢f elec- 
tronic component contributes about one-third of 
the decrease in M(T) below Ty, [section C of (17)]. 
As the nuclear phase transition cannot be resolved 
because of the very small nuclear moment, the 
major part of this reduction of M(T) (i.e., the other 
two-thirds) must be due to the Meissner effect 
[section C of (17)]. A measurement of the fc de 
magnetization at very low fields reveals two sep- 
arated phase transitions close to T = 2 mK: Ta 
and 7, (fig. S3B). Upon increasing the field to ~3 
to 4 mT, however, 7, and T, appear to merge with- 
in the experimental uncertainty (fig. S3C). As men- 
tioned previously, this peak in the fe de M(7) 
curve remains visible (above 1mK) up to B ~ 23 mT 
(Fig. 1B). By analyzing magnetization data taken 
between 0.8 and 540 mK at a field of 10.1 mT 
(fig. S4), we conclude that superconductivity is 
likely to exist and coincide with the A phase at 
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Fig. 4. Phase transitions at Tar and Thyp- (A) 
Sketch of the two phase transitions associated 
with electronic and nuclear spin orders. (Top line) 
Without any hyperfine coupling (Apr), the electronic 
and nuclear spins are ordered at Tar and 7), re- 
spectively. (Bottom line) With a hyperfine coupling, 
Tar is not affected, but a hybrid nuclear and elec- 
tronic spin order is induced at Tryp > T). (B) Tem- 
perature evolution of the primary electronic spin 
order parameter (Mar) and the superconducting 
order parameter sc. dsc iS developed when Mar is 
suppressed by the formation of hybrid nuclear and 
electronic spin order directly below Tryp. 
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elevated fields, consistent with the evolution of the 
MCT) peak as a function of field [section C of (17)]. 

Figure 4 describes a possible scenario for the 
two stages of transitions. Below T,y, the Néel 
order develops. We speculate that the growth of 
the Néel order parameter ma, is arrested as the 
temperature is lowered past T),y,, due to the 
onset of the nuclear spin order. A diminished 
Mar Would place the electronic phase in the 
regime close to the QCP that underlies the pure 
electronic system in the absence of any hyperfine 
coupling. This quantum criticality effectively in- 
duced by the nuclear spin order at zero magnetic 
field would naturally lead to the development of 
a superconducting state [section I of (17)]. As 
inferred from the experimental results (Fig. 1C), 
fluctuations of the A phase are already set in near 
Tz and lead to a substantial reduction of the stag- 
gered magnetization and the emergence of super- 
conducting fluctuations well above the A-phase 
ordering temperature [section I of (77)]. 

The large initial slope of the superconducting 
upper critical field B.o(7) at T, ~ 25 T/K, ex- 
tracted from both shielding (Fig. 3, inset) and 
Meissner measurements (fig. S3C), corresponds 
to an effective charge-carrier mass of several hun- 
dred m, (where m, is the rest mass of the elec- 
tron), which implies that the superconducting 
state is associated with the Yb-derived 4f electrons 
(heavy-electron superconductivity). Extrapolating 
the positions of the low-temperature fe M(T) 
peak to zero temperature, the critical field of the 
A phase Ba = B(T, — 0) is found to be 30 to 60 mT, 
which corresponds to Zeq = KgT,(B = 0)/uUpBa = 
0.03 to 0.06 (where kz is the Boltzmann constant 
and ig is the Bohr magneton). This value of ges is 
much smaller than the in-plane electronic g-factor 
3.5 (24) but is a factor of 20 to 40 larger than in case 
of a purely nuclear spin ordering transition. We 
can understand this ge; if the ordered moment 
is a hybrid of the electronic and nuclear spins 
with, at most, 2% of the ordered moments 
being associated with the 4f electron-derived 
spins. 

The very large entropy near 7, = 2 mK is one 
of the most pronounced features in our observa- 
tion. An alternative possibility for this entropy is 
the involvement of a “nuclear Kondo effect”— 
that is, the formation of a singlet state between 
the nuclear and conduction electron spins. The 
resulting superheavy fermions may be assumed 
to form Cooper pairs and cause a superconduct- 
ing transition at T. ~ 2 mK that would be probed 
by the magnetic and specific-heat measurements. 
Though our estimates of the nuclear Kondo tem- 
perature and the quasi-particle effective mass 
reveal discrepancies with this picture [section E 
of (17)], further theoretical and experimental work 
is needed to investigate the possible role of the 
nuclear Kondo effect in generating superconduc- 
tivity in YbRh,Si. 

It is likely that the coupling of electronic and 
nuclear spin orders, as well as the concomitant 
emergence of new physics, is not exclusive to 
YbRh,Si, [section H of (17)]. Systematic studies 
of other heavy-electron antiferromagnets at 
ultralow temperatures are needed to find out 
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whether a hybrid electronic-nuclear order is a 
more general phenomenon. In addition, a com- 
parative study would be highly welcome to eval- 
uate whether superconductivity is truly absent 
in isotopically enriched YbRh,Si, without Yb- 
derived nuclear spins, similar to the compound 
studied in (25). 

Our ultralow-temperature measurements on 
the unconventional quantum critical material 
YbRhpSi, reveal heavy-electron superconductivity 
below T, = 2 mK. This observation strongly sup- 
ports the notion that superconductivity near an 
AF instability is a robust phenomenon. 
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GEOPHYSICS 


Periodic slow slip triggers 
megathrust zone earthquakes in 


northeastern Japan 


Naoki Uchida,’* Takeshi Iinuma,”+ Robert M. Nadeau,” Roland Biirgmann,* Ryota Hino’ 


Both aseismic and seismic slip accommodate relative motion across partially coupled plate- 
boundary faults. In northeastern Japan, aseismic slip occurs in the form of decelerating 
afterslip after large interplate earthquakes and as relatively steady slip on uncoupled areas 
of the subduction thrust. Here we report on a previously unrecognized quasi-periodic 
slow-slip behavior that is widespread in the megathrust zone. The repeat intervals of the 
slow slip range from 1 to 6 years and often coincide with or precede clusters of large 
[magnitude (M) = 5] earthquakes, including the 2011 M 9 Tohoku-oki earthquake. These results 
suggest that inherently periodic slow-slip events result in periodic stress perturbations 

and modulate the occurrence time of larger earthquakes. The periodicity in the slow-slip rate 
has the potential to help refine time-dependent earthquake forecasts. 


low (or aseismic) slip is a process by which 
faults displace rocks like earthquakes do, 
but much more slowly and without gener- 
ating seismic waves (J, 2). Slow fault-slip 
events increase stress in adjacent areas 
and may trigger damaging earthquakes (3). Fore- 


shocks are sometimes related to precursory slow 
slip (4-6), and some slow-slip events revealed 
by geodetic measurements are accompanied by 
seismicity rate changes (7). However, the rela- 
tionship between large earthquakes and aseismic 
slip is not well understood because of the poor 
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detectability of small slow-slip events with geo- 
detic measurements and the rare occurrence of 
large earthquakes. We understand that repeat- 
ing earthquakes involve the rupture of small 
asperities in the fault zone as seismic slips keep 
up with aseismic fault creep (slow slip) on the 
surrounding surface (8) (Fig. 1). Repeating earth- 
quakes provide a remote measure of both local- 
ized seismic slip and the surrounding rate of 
aseismic slip on a fault that greatly improves the 
spatiotemporal resolution of slow slip (4, 9, 10). 
In this study, we refer to repeating earthquakes 
as “repeaters” and invoke them as a form of sub- 
surface creep meter (Fig. 1). Here we consider 
repeater time series and global positioning sys- 
tem (GPS) measurements from the northeast- 
ern (NE) Japan subduction zone to detect small 
temporal changes in the slow-slip rate. Major 
earthquakes, including the great 2011 Tohoku-oki 
earthquake [magnitude (M) 9.0], also occur on 
the offshore plate interface between the sub- 
ducting Pacific and continental plates (Fig. 2A) 
C, 4, 11-13). 

We examined the seismic moments and re- 
currence intervals of 6126 repeaters belonging 
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to 1515 separate sequences to detect interplate 
slip-rate fluctuations for a period of up to 28 years 
(14) (table S1). In the offshore and near-shore 
Sanriku areas (Fig. 2), the slow-slip rates are es- 
timated from 162 and 91 repeater sequences, re- 
spectively, using a 0.5-year moving time window, 
with the average rates plotted at the center of 
each time window (J4) (Fig. 1). The variations in 
slip rate ranged from 0 to 290% of the long-term 
interplate slip rate (15) (7.4 + 0.2 cm/year) and 
showed strong periodicity. The amplitude of the 
inferred slip rate depends on the length of the 
analysis window and the scaling relationship used 
to estimate the slip amount, but the periodicity 
is not affected by these conditions (74). 

We estimated the dominant periods of slow 
slip, based on spectral analysis, to be 3.0 + 0.1SD 
years for the offshore Sanriku area (Fig. 2B and 
fig. S41) and 2.7 + 0.6 years for near-shore Sanriku 
area (Fig. 2C and figs. S4J and S5) (14). Two large 
slip-velocity peaks in 1990 and 1992 could bias 
the spectral estimate of period in the offshore 
Sanriku area (Fig. 2B), but analysis excluding 
data before 1992 also shows a similar dominant 
period (fig. S41). We compared the timing of M = 
5 events (Fig. 2, B and C) to the regional slip rate. 
The magnitude threshold was chosen to ensure 
a complete catalog for our analysis period and a 
big enough sample of larger events. Clustering 
of M = 5 earthquakes in the high slip-rate periods 
is evident, especially in the offshore area (Fig. 2B). 
We fitted simple sinusoidal curves to the slip-rate 
changes to define the phase of the periodicity, 
finding that 6.2 and 3.3 times as many 1984-2011 
M = 5 earthquakes occurred during the positive 
period of the best-fit sinusoids for the offshore 
and near-shore Sanriku areas, respectively (Fig. 2, 
B and C; fig. S6, C and D; and table S2). We cal- 


culated the excess number of M = 5 earthquakes 
for a range of periods and found that they decay 
away +0.15 years from the best-fit periods we es- 
tablished from the repeater data (fig. S6). We 
showed a concentration of M = 5 earthquakes 
near the inferred slip-rate peak (fig. S7), using 
histograms of earthquake occurrence with respect 
to phase of the best-fit sinusoids. We found a sim- 
ilar correlation between periodic slow-slip rates 
and large earthquakes for most of the eight off- 
shore areas where we documented the distribution 
of repeaters and earthquakes (fig. S2 and table S2). 

When we applied declustering to the earth- 
quake catalog with a range of declustering pa- 
rameters, the number of excess earthquakes in 
the positive period of the best-fit sinusoids de- 
creased (tables S3 and S4). Although the excess 
ratios for the offshore Sanriku area range from 
2.0 to 2.8, those for the near-shore Sanriku area 
are systematically reduced to 1.2, suggesting that 
clusters associated with large earthquakes influ- 
ence the result. 

A possible explanation for the correlated pe- 
riodicity (Fig. 2 and fig. S7) is that periodically 
occurring M = 5 events and their afterslip trigger 
the smaller repeaters. However, close inspection 
of the repeater activity and inferred slip-rate 
changes for the major slip pulses in 1989-1990 
and 1992 in the offshore Sanriku area (Fig. 3A) 
shows that the repeater-inferred slow slip begins 
accelerating a few days before the mainshocks 
associated with the slip pulses (16). The precur- 
sory repeater activity is a common feature before 
M=5,M=6,and M = 7 earthquakes (mainshocks) 
in the offshore Sanriku area and most of the other 
study areas (figs. S8 and S9). The precursory re- 
peater accelerations concentrate close to main- 
shock epicenters (figs. S10 and S11), suggesting 
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(A). The small repeaters (C) 
represent repeated rupture of 
small patches that catch 

up with the creep in the 
surrounding areas (B). By 
calculating the slip of each 
earthquake, we obtain 
cumulative slip for each 
repeater sequence [(D) and 
(E)]. We average slip in each 
area (F) and obtain the tem- 
poral change of slip rate from 
the gradient of the averaged 
cumulative curve (G). 
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close interaction with the preceding repeater 
activity. Mainshocks are also generally followed 
by accelerated repeater activity (figs. S8 and S9), 
indicating rapid afterslip. 

Marsan et al. (17) suggest occurrences of many 
slow-slip episodes in this subduction zone by dis- 
criminating normal from “abnormal” seismicity 
affected by transient loading. The activity of small 
repeaters indicates the involvement of spontane- 
ous slow-slip events as the underlying aseismic 
loading process driving these episodic deforma- 
tion transients. Observations from ocean-bottom 
pressure sensors of slow slip preceding M 6.1 
and M 7.3 earthquakes occurring ~100 km south 
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of this area in 2008 and 2011 (green stars in Fig. 
2A) (18), respectively, are also consistent with 
this interpretation. 

We tested the hypothesis of an ~3-year pe- 
riodic slow slip promoting M = 5 earthquakes 
in the offshore Sanriku area by extrapolating 
the sinusoidal curve from the 1984 to 2011 slip- 
rate data back to 1930 (red curve in Fig. 3C). The 
positive phase of the sinusoidal curve (expected 
high-slip-rate periods) correlates with higher rates 
of M = 5 earthquakes back to around 1945 (Fig. 
3C). The number of M = 5 earthquakes occurring 
during positive sinusoid amplitudes for the pe- 
riod 1956-1983 is about twice as high as the num- 


Slip Rate 


Slip Rate from Repeaters (cm/yr) 
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Slip Rate from Repeaters (cm/yr) 
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ber of events occurring during negative sinusoid 
amplitudes (dashed curve in fig. S6C). 

Our sinusoidal extrapolation of the slow slip 
assumes exact periodicity of the process, and 
slight shifts in the period result in large shifts 
in the timing of sinusoid peaks when extrapo- 
lating over many years. To address this, we ex- 
amined the periodicity of the M = 5 declustered 
catalog using the Schuster spectrum (19). Our 
results show an ~3-year periodicity for the off- 
shore Sanriku area (Fig. 3B) for all time spans 
considered, including the repeater analysis pe- 
riod. We do not find as strong a periodicity for 
the near-shore area (figs. SsA and S6D). Our 
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Fig. 2. Spatiotemporal distribution of repeaters and temporal variation of 
slow slip. (A) Distribution of repeater sequences (red circles) and slip areas of 
large earthquakes (black and white contours) (11-13, 29, 30). Cyan squares show 
seismic stations. Green stars show a M 6.1 earthquake in 2008 (north) and a 
M 73 earthquake in 2011 (south) that were preceded by slow slip (18). (B and C) 
Temporal distribution of repeaters near Sanriku aligned by latitude (top) (see 
fig. Sl for vertical enlargement), magnitude-time plot of M = 5 earthquakes 
(middle), and temporal change of slip rate inferred from repeaters (bottom) for 
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offshore (B) and near-shore (C) areas off Sanriku shown in (A) (see fig. S3 for 
corresponding data for all other areas). Vertical lines show the times of the 1994 
M 76 Sanriku-oki and the 2011 M 9 Tohoku-oki earthquakes. The number of M = 
5 events in offshore and near-shore areas is 194 and 68, respectively. The red 
curves in (B) and (C) are best-fit sinusoidal functions fit to the slip-rate time 
series with 3.09- and 2.72-year periods, respectively. Repeaters and M = 5 events 
during the positive phase of the best-fitted sinusoid are shown by colored sym- 
bols, whereas those during the negative phase are shown by open symbols. 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


consideration of ~80 years of earthquakes off- 
shore of Sanriku suggests that the periodicity of 
slow slip and associated larger earthquakes per- 
sists through time before the repeater analysis 
period. 

Continuous GPS measurements across NE 
Japan provide complementary constraints on 
the time-variable coupling of the subduction thrust 
from the repeater data. The spatial gradient of 
observed displacement rates in the plate conver- 
gence direction reflects the strength of inter- 
plate locking and associated slip (20) (figs S12 
and S13) (J4), and its temporal variation may 
be a measure of the acceleration/deceleration of 
aseismic slip along the plate boundary. Although 
we infer that repeaters directly track slip on the 
subduction thrust, the on-land GPS data are only 
indirectly related to changing fault slip via elastic 
deformation. In order to stabilize the estimate of 
the time-dependent gradient of the displacement 
rate (the GPS gradient), we used a longer moving 
time window of 1 year. Periods of more negative 
GPS-gradient values, reflecting increased shorten- 
ing, indicate times of stronger locking or lower 
slow-slip rates in the offshore area (fig. S12). The 
time series estimated from the observationally 
independent GPS gradient show similar fluctua- 
tions as those of the repeater slip rates (fig. S3). 
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Fig. 3. Timing of repeaters, slow slip, and M = 5 earthquakes. (A) Times of 
the repeaters (top panels) and repeater-inferred slip rates (bottom panel) in 
the offshore Sanriku area (Fig. 2B) around the times of the 1989 M 7.2 (red) and 
1992 M 6.9 (blue) mainshocks. Slip rates during 10 days before and 30 days 
after the mainshocks are plotted using a causal data window stepped every 
1 day. Light and deep colors for the circles indicate repeaters before and after 
the mainshocks, respectively. (B) Amplitude spectrum of the slip rate for the 
offshore Sanriku area (red line; the original slip-rate time series is shown in Fig. 
2B). The horizontal dashed red line shows the average of the amplitude in a 1- to 
9-year period range. Black, red, green, and blue circles show Schuster spectra 
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1945 


We performed a moving spatial window anal- 
ysis of the slip-rate spectrum to comprehensively 
examine the spatial distribution of the degree 
of periodicity and its dominant period along the 
NE Japan subduction zone. For each area, we de- 
termined the period of peak amplitude (short black 
vertical line in Fig. 3B) within the 1- to 9-year 
range and the degree of periodicity from the 
amplitude ratio of peak and average (red hor- 
izontal dashed line in Fig. 3B) amplitudes in the 
same period range. We used 0.4° (latitude) by 
0.6° (ongitude) spatial windows with 10 or more 
repeater sequences, showing widespread peri- 
odic behavior across the subduction zone (Fig. 4). 
The uncertainties of the estimated periodicities 
are generally on the order of 1 year (fig. S2B) (14). 
The dominant period has a heterogeneous dis- 
tribution in both dip and strike directions (Fig. 4 
and fig. S2A). Much of the subduction zone shows 
periods that range from 1 to 6 years and agrees 
with the periodicity of M = 5 earthquakes where 
strong slow-slip periodicity exists (fig. S2C). 
Around the slip areas of previous large earth- 
quakes (1/7, 12), including the 2011 Tohoku-oki 
earthquake (13), the aseismic slip rates are 
generally low and the periodicity is weak (light 
color in Fig. 4), with relatively long periods (>5 
years). The relatively long period in the southern 
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part of the coseismic slip area of the 2011 Tohoku 
earthquake (36.5° to 38°N) is consistent with a 
5.9-year periodicity inferred from seismicity data 
for this area (17). The relatively weak periodicity 
near the large earthquakes may reflect the in- 
hibition of periodic slip by strong interplate 
locking or indicate periods that are longer than 
the observation period. 

The overall pattern of the offshore slip-rate 
periodicity from the repeater data correlates 
with the periods inferred from GPS gradients 
along profiles perpendicular to the margin (cir- 
cles in Fig. 4 and fig. S13). A comprehensive eval- 
uation of temporal slip-rate changes inferred 
from repeaters and GPS along the NE Japan 
subduction zone (figs. S2 to S4) shows correla- 
tions between the GPS gradients and near-shore 
repeater slip rates. The large variability in the 
correlations is probably due to the small-scale 
heterogeneities in periodic slow-slip behavior 
on the interplate fault in both along-dip and 
strike directions. 

Periodic fault behavior may be driven by 
external forcing by tidal, atmospheric, and hy- 
drologic cycles over a wide range of periods 
(21-23). However, we are unaware of forcing 
processes that recur at the most common periods 
we observe of 2 to 3 years (Fig. 4). Modeling 
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(19) for the M = 5 declustered earthquake catalogs for the time periods shown 
in the figure. The P values on the vertical axis give the probability of observing 
such a level of periodic variations in a catalog with a constant seismicity rate. 
(C) Magnitude-time plot of M = 5 earthquakes in the offshore Sanriku area 
before the repeater analysis period (i.e., 1930 to 1983). The red curve is the 
same sinusoidal function as in Fig. 2B, extrapolated from the fitting period. The 
green and white stars show events during times of positive and negative 
amplitude of the extrapolated sinusoid, respectively. Green and blue lines show 
the time period used in Fig. 3B. Plots similar to Fig. 3, B and C, but for the near- 
shore Sanriku area are shown in fig. S5, A and B, respectively. 
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studies suggest that slow-slip event periodicity 
may be governed by fault zone properties, in- 
cluding dilatancy, permeability, fluid pressure, 
and healing rates (24, 25). Audet and Biirgmann 
(26) draw on the observed correlation of recur- 
rence periods of deep slow-slip events in global 
subduction zones with seismic velocity varia- 
tions to support a scenario of slow-slip event 
periodicity being governed by fault zone prop- 
erties. The enduring nature of the periodic be- 
havior we document suggests that fault zone 
constitutive properties could govern the recur- 
rence of slow-slip events off northern Japan. 
The 2011 Tohoku-oki earthquake occurred 
0.7 years before the end of our analysis period. 
Slip rate peaks in the off-Sanriku areas before 
the 2011 Tohoku-oki earthquake, and the sub- 
sequent timing of the 2011 earthquake falls in 
the positive period of the sinusoidal slip-rate 
curve (Fig. 2, B and C), although the accelerations 
are not as obvious in the southern areas (fig. S3, 
Eand F). Slow slip was detected in 2008 and 2011 
from ocean-bottom pressure sensors (J8) to the 
south of the off-Sanriku area. The slip episode 
appears to have triggered the largest foreshock 
(M 7.3) that occurred 2 days before the Tohoku- 
oki earthquake (/8). Preseismic slow-slip migra- 


Fig. 4. Spatial distribution of degree of 
periodicity and dominant period esti- 
mated from the repeater data. The color 
intensity shows the degree of periodicity, and 
the colors show the dominant period for the 
periods from 1984 to 2011 (between 36.5° and 
41.5°N) and from 1993 to 2011 (north of 
41.5°N and south of 36.5°N). The periods 
indicated for each area represent the domi- 
nant peak in the amplitude spectrum of the 
slip-velocity variations inferred from repeaters 
for 0.4° (latitude) by 0.6° (longitude) spatial 
windows. Contours show slip areas for the 
2011 Tohoku-oki earthquake (M 9.0) and other 
M7 or larger earthquakes since 1930 

(11-13, 30). Colored circles show the 
dominant period of the on-land GPS gradient 
in plate motion parallel to the N105°E 
(Honshu) and N120°E (Hokkaido) directions 
(see fig. S13 for the spectrum of gradient time 
series in profile lines a to j that are used to 
compute the dominant periods). 
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tion toward the mainshock hypocenter occurred 
in February to March 2011 (4), but no significant 
preslip was detected on the megathrust fault 
immediately before the Tohoku-oki earthquake, 
from the analysis of seafloor vertical deformation 
data near the epicenter (27). 

Large postseismic slip continues off Tohoku 
(28). If the inherent fault zone properties gov- 
ern the periodicity of slow-slip transients, the 
periodicity may not change because of the 
Tohoku-oki earthquake. Previous examples sup- 
port this scenario: The first slow-slip acceleration 
after the 1994 Sanriku-oki earthquake (I 7.6) 
that occurred just north of the Sanriku area 
(Fig. 2A) started somewhat earlier, but the pe- 
riod and phase did not change much for later slip 
accelerations in the offshore Sanriku area (Fig. 2B). 
In the case of the 2003 Tokachi-oki earthquake 
(M 8.0), the periodicity in the offshore area only 
became prominent after the earthquake (fig. S3C). 

In most probabilistic earthquake forecasts 
based on recurrence intervals and time since the 
last event, a constant loading rate is implicitly 
assumed. The inherent periodicity of slow slip 
found in this study suggests that probabilistic 
forecasts of future earthquakes can be improved 
by explicitly considering cyclic loading-rate changes. 


yo = 
ms. 


—\ > ‘Tohoku:okil 


The real-time monitoring of slow slip may also 
help improve the estimation of time-dependent 
earthquake hazards (29). 
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LUNAR FORMATION 


Oxygen isotopic evidence for vigorous 
mixing during the Moon-forming 


giant impact 


Edward D. Young, Issaku E. Kohl,’* Paul H. Warren,’ David C. Rubie,” 


Seth A. Jacobson,”* Alessandro Morbidelli® 


Earth and the Moon are shown here to have indistinguishable oxygen isotope ratios, 
with a difference in A"”O of -1 + 5 parts per million (2 standard error). On the basis of 
these data and our new planet formation simulations that include a realistic model for 
primordial oxygen isotopic reservoirs, our results favor vigorous mixing during the 
giant impact and therefore a high-energy, high-angular-momentum impact. The results 
indicate that the late veneer impactors had an average A"’O within approximately 1 per 
mil of the terrestrial value, limiting possible sources for this late addition of mass to 


the Earth-Moon system. 


he Moon is thought to be the consequence 
of a giant collision between the proto-Earth 
and a planetary embryo (named Theia, 
“mother of the Moon”) ~10° years after 
the birth of the solar system (/, 2). How- 


ever, the distinct oxygen isotopic signatures of 
solar system bodies (3, #) has presented a prob- 
lem for the impact hypothesis for the formation 
of the Moon (5, 6). In order to create an iron-poor 
Moon and simultaneously reproduce the angular 


momentum of the Earth-Moon system, early 
models required a glancing blow by a Mars-sized 
impactor that resulted in the Moon being com- 
posed mainly of impactor material (7). Therefore, 
in the general case the Moon and Earth should 
not be identical in their oxygen isotopic compo- 
sitions. Nonetheless, until recently the Moon and 
Earth have been found to be indistinguishable 
in their oxygen isotope ratios (8-10). Proposed 
higher-energy giant impacts offer potential solu- 
tions to this conundrum (JJ), although at the 
expense of the need to shed substantial angular 
momentum from the system via orbital reso- 
nances (12). 

Oxygen reservoirs comprising rocky bodies 
of the solar system are characterized by distinct 
relative concentrations of oxygen isotopes. These 
relative concentrations are customarily repre- 
sented by AO, the departure in “O/"°0 relative 
to a given 80/0 under the assumption that 
these two isotope ratios covary as a consequence 
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Fig. 1. Oxygen isotope mass balance diagram. (A) Contours of A””Omoon — 
il A™ Ocarth in parts per milliion versus fractional differences in Theia content of 
the bulk silicate Moon and Earth and A”’Otheia — A” Oproto-Earth - The contour 
interval is 2 ppm. The pink region indicates that the contour intervals are 
consistent with the A””OmMoon — A” Orarth reported by Herwartz et al. (21). The 
yellow region encompasses the contours consistent with our data +2 SE. 
Corresponding values for S5theia are shown at right. One set of 8theia values 
applies if the fraction of the present-day bulk silicate Earth composed of Theia is 


~ 0.1, whereas the values in parentheses apply where the fraction of Theia in 
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present-day Earth is 0.5. For comparison, the ranges in Theia contents of the 
Moon and Earth for four simulated Moon-forming impact scenarios are shown 
as dashed horizontal lines. The models include the “canonical” model requiring 
no subsequent angular momentum loss by Canup (2008; Canup08), the hit- 
and-run model of Reufer et a/. (2012; RMBWO12), and the high angular 
momentum scenarios, including Cuk & Stewart (2012; C&S012) and Canup 
(2012; Canup012). (B) The cumulative probability for A’”OTheia — A”’Oproto- 
Earth in per mil based on simulations in this study. Three cases are shown: those 
with late accreted mass to Earth <5%, those with late accreted mass <1%, and 
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of mass-dependent isotope fractionation. The 
small fractional differences in isotope ratios can 
be replaced with &O = 10°In(’R/"R,) and 5"°O = 
10°In(2R/"8R,) (13) values, where “R is %0/"°0, 
18R is 80/160, and R, and 'R, refer to the ini- 
tial isotope ratios (such as those characterizing 
bulk Earth) (14). These 6’ values are nearly equiv- 
alent to the fractional differences in per mil (%o) 
but are linearly related by the mass fractiona- 
tion exponent B. The exact values for B depend 
on the processes involved in fractionation but 
are always near 1%, as prescribed by oxygen iso- 
tope masses (13). With these definitions, A’O is 
written as 


AO = 80 - B80 (1) 


A positive AO signifies that a reservoir is en- 
riched in “O relative to Earth, whereas a negative 
value signifies that a reservoir is relatively de- 
pleted in O compared with expectations from 
mass fractionation. At the scale of individual 
mineral grains, solar system materials exhibit 
variations in A"’O spanning ~200%o (15). The 
dispersion in A”’O decreases drastically with 
mass. Differences in A"”O among meteorite whole- 
rock samples are ~5 to 8%o (4, 16), representing 
parent asteroids with masses of ~10"° to 10” kg. 
Differences between differentiated bodies with 
metal cores and silicate mantles are smaller still: 
Mars (6.4 x 107? kg) has a AO value of about 
+0.3%o, whereas Vesta (2.6 x 107° kg) has a value 
of —0.25%o (17, 18). The reduced dispersion in 
A"’O with mass evidently reflects averaging as 
smaller rocky bodies coalesced to form larger 
bodies in the solar system (79, 20). Historically, 
the identical A’”O values for Earth and the Moon 
have stood out against this backdrop of variabil- 
ity in the solar system. 

However, some high-precision measurements 
on lunar samples indicated that the Moon has a 
greater AO than that of Earth by 12 + 3 parts 
per million (ppm) (22). The importance of this 
finding can be gauged by considering contours 
for A™Omoon - A’ Oparth Plotted as functions 
of the difference in A"’O between Theia and 
the proto-Earth and the difference in the frac- 
tions of the Moon and Earth inherited from 
Theia (Fig. 1A). The mass-balance equation 
plotted is 


UTheia, Moon ~ Urneia Earth = 


A™7Omoon a A7Oparth 


A Orheia -A ™7Oproto—Earth 


(2) 


where @tnheiaz refers to the oxygen fraction of 
body 7 derived from Theia (essentially, mass frac- 
tions of the bulk silicate portions of the bodies). 
For convenience, we also use the fractional dif- 
ference 6tneia rather than the absolute difference 
in Eq. 2: 


Srheia = (@rheia Moon = rota Barth) /' oheia Earth (3) 
The implications of a difference in oxygen iso- 


topic composition between the Moon and Earth 
depend on the fraction of Theia contained within 
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Table 1. Summary of oxygen isotope data for lunar and terrestrial samples. Delta values are in 


logarithmic form as defined in the text. 


Sample 


Lunar basalt 


Standard error 


Standard error 


Earth (Eqs. 2 and 3). Four recent proposed giant 
impact scenarios (5, IJ, 12, 22) predict disparate 
differences in the Theia fractions in the Moon 
and Earth (Fig. 1A). If the difference in A””O be- 
tween Theia and the proto-Earth was zero, there 
is no oxygen isotope constraint on dypeia (Fig. 1A). 
Similarly, if Earth and the Moon are composed of 
precisely the same concentrations of Theia, there 
is no constraint on differences in A"”O between 
Theia and the proto-Earth. 

A positive AO of 12 + 3 ppm for the Moon 
(21) requires a difference in the proportions of 
Moon and Earth composed of remnants of Theia 
because the contours representing this range of 
values (Fig. LA, pink regions) do not include the 
center of the diagram (Fig. 1A). For a Mars-sized 
differentiated body with A"O ~ + 0.3%o (such 
as Mars or Vesta), the difference in Theia con- 
tents between the Moon and Earth is + 50% or 
more (Fig. 1A). For the case of a proto-Earth- 


0.072 


0.134 


sized Theia, the result is a difference of + 8% or 
more (Fig. 1A). Alternatively, assuming enstatite- 
chondrite-like material better represents the 
terrestrial planet-forming region (23, 24), dif- 
ferences in oxygen isotope ratios between Theia 
and proto-Earth would have been smaller (~0.1%o) 
(21, 25), and the lunar AO of 12 + 3 ppm (2) 
requires Srpeia Values of 150 and 30% for the 
Mars and proto-Earth-sized impactors, respec- 
tively (Fig. 1A). Such large dtpeiq Values would 
effectively remove the constraint imposed by 
oxygen isotopes that the Earth-Moon system was 
well mixed. 

We analyzed seven Apollo 12, 15, and 17 lunar 
samples and one lunar meteorite and compared 
their %0/"°O and °0/"°0 isotope ratios with those 
for a suite of terrestrial igneous samples. The 1- 
to 4-mg lunar samples include high-Ti mare 
basalts, low-Ti Mg-rich olivine cumulate ba- 
salts, a quartz normative basalt, and a highland 
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Fig. 3. A simulation of the oxygen 
isotopic evolution of the terrestrial 
planets and last giant (Moon-forming) 
impactor, Theia. The A”’O values of the 
growing Venus-like (green), Earth-like 
(blue), and Mars-like (red) planets are 
shown as a function of time as well as the 
value for the Theia-like impactor (black). 
(A) The case in which the water oxygen 
reservoir has A’”O = 3%o. (B) The case 
in which water A770 = 100%o. 


anorthositic troctolite (table S1). The terrestrial 
samples include San Carlos mantle xenolith oli- 
vines, San Carlos mantle xenolith spinels, Mauna 
Loa basalt samples, Mauna Loa olivine separates, 
an anorthosite from the Bushveld complex, 
and a sample of Gore Mountain metamorphic 
garnet. We obtained our analyses (Table 1) using 
infrared laser heating (26) modified to include F, 
as the fluorinating agent and purification of the 
analyte O, gas for analysis of both “O/'°O and 
189/50 (27). We have improved our precision 
compared with many previous efforts by more 
thoroughly desiccating samples before analysis 
and by regular rebalancing of standard and sam- 
ple ion beam intensities throughout the mass 
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spectrometer analyses (28). We analyzed a range 
of lunar and terrestrial sample lithologies to ac- 
count for the fact that B values vary with process 
(13, 29, 30). We use the traditional standard mean 
ocean water (SMOW) as the reference for 57°0, 
but we use San Carlos (SC) olivine as the refer- 
ence for A"”O when characterizing oxygen iso- 
tope reservoirs of rocks (28). We adopt a typical 
igneous B of 0.528 passing through the mean 
value for San Carlos olivine as our reference frac- 
tionation line for calculating A”O (28). 

Lunar basalts are relatively high in &"%0 as 
compared with SC olivine and terrestrial basalts 
(Fig. 2). Nonetheless, the basalts show no clear 
deviation from the reference f of 0.528, allowing 


Fig. 2. Plot of A””O versus 5"°O for lunar and 
terrestrial samples by using a fractionation 
line with 6B = 0.528 passing through San Carlos 
olivine as the reference. Only the powders of 
lunar samples are plotted. The gray region in- 
dicates the regions accessible through mass 
fractionation starting from SC olivine. Differ- 
ent fractionation laws are labeled with their 
defining B values. Error bars depict 2 SE for 
each measurement. Points lying inside of the 
gray region are consistent with simple one-stage, 
mass-dependent isotope fractionation relative to 
SC olivine, implying that they represent a single 
oxygen reservoir. 


direct comparison of A’”O values for these mate- 
rials. No discernible difference exists in A’”O 
between SC olivine and lunar basalts powders 
(-0.001 + 0.002, 1 SE) or fused beads (0.000 + 
0.003, 1 SE). The mean for all mafic terrestrial 
samples, representing terrestrial mantle and its 
melt products, is 0.000 + 0.001%o (1 SE). Adding 
in quadrature, the analytical uncertainty in the 
SC olivine and the standard error for the lunar 
samples yields a difference between lunar basalt 
and SC olivine of —0.001 + 0.0048%o (-1 + 4.8 ppm, 
2 SE), which is indistinguishable from zero. Other 
mafic terrestrial whole rocks and olivines are 
within this uncertainty range (Table 1). We found 
no resolvable difference in A"”O between lunar 
mantle melts represented by these basalts and 
terrestrial mantle and melts. 

Our result does not agree with the conclusions 
of Herwartz et al. (21). Measurements on the one 
sample common to both studies (12018) agree 
within uncertainties when compared in the same 
reference frame (fig. S2) (28). It is therefore 
conceivable that an unfortunate difference in 
sample selection could be a plausible explana- 
tion for the difference between the studies. 

The lunar highland sample has a significantly 
lower AO value of —0.016 + 0.003%o (1 SE) (or 
-16 + 3 ppm), which is similar to a previous study 
(8). However, the terrestrial anorthosite sample 
has a similarly low value (Table 1). The low A™0O 
values for both the terrestrial and lunar highland 
anorthosites (anorthostic troctolite) imply a mass 
fractionation process related to formation of this 
rock type that results in low A"“O values (Fig. 2). 
The low AO value for the lunar highland rocks 
is not evidence for a distinction between the oxy- 
gen pools for the Moon and Earth because these 
samples are in the mass-fractionation envelope 
for Earth (Fig. 2), and low AO values are found 
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in both terrestrial and lunar anorthosite-like rocks. 
One terrestrial mantle spinel sample also shows a 
measurable deviation from the B = 0.528 reference, 
implying a relatively low B value (Fig. 2). 

Of course, in all cases invoking no difference in 
oxygen isotope ratios between Theia and proto- 
Earth results in no constraints on the relative Theia 
concentrations in the Moon and Earth. We can 
assess the purely statistical feasibility of two 
proto-planetary bodies having identical oxygen 
isotope ratios using the central limit theorem (19). 
Results suggest that a purely random sampling of 
asteroid-like materials would lead to variations 
in AO among planetary embryos of ~3 ppm 
(28). However, the larger difference between 
Earth and Mars testifies to the fact that A"’O 
was not distributed randomly in small bodies 
across the inner solar system. 

Differences in AO between Theia and the 
proto-Earth have expected values of 0.15%o (32) 
or 0.05 %o (32) on the basis of two recent N-body 
simulations of standard terrestrial planet-formation 
scenarios with hypothesized gradients in A"’O 
across the inner solar system. We used a planetary 
accretion model (33) that uses N-body accretion 
simulations based on the Grand Tack scenario 
(34). Our model differs from previous efforts in 
that we strictly limit our analysis to simulations 
that closely reproduce the current masses and 
locations of Earth and Mars and the oxidation 
state of Earth’s mantle, we use a multi-reservoir 
model (composed of silicate, oxidized iron, and 
water) to describe the initial heliocentric distri- 
bution of oxygen isotopes, and we include the 
effects of mass accretion subsequent to the Moon- 
forming impact (28). An example simulation 
(Fig. 3) and others like it show that the AvO 
values of the colliding bodies rise together as 
the average A”’O values increase during accre- 
tion. Incorporation of more material from greater 
distances from the Sun as accretion proceeds 
accounts for the rise. Large planets such as Earth 
and Venus reflect an average of many embryos 
and planetesimals and so exhibit similar AO 
values with time, whereas stranded embryos aver- 
aging fewer components, such as Mars, show 
greater variation. 

The cumulative distribution of A"”O differences 
between Theia and proto-Earth is shown for 
236 simulations of planet growth (35) (Fig. 1B). 
The median A’"”’Orneia — A" Oproto-Earth is nearly 
0 in these calculations for all simulations (Fig. 
1B). However, our median predicted A’ Omeia — 
A™ Oproto-Earth is +0.1%o if we restrict our analysis 
to those simulations consistent with adding 
<1% by mass of a “late veneer” (LV) of primitive 
material post Moon-forming giant impact, as 
required by geochemical constraints (36). This 
median value combined with our measurement 
of A™Otoon — A"Ogartn Corresponds to Stheia Of 
+20 to -60% for the Mars-sized impactor sce- 
nario and +8 to -12% in the proto-Earth-sized 
impactor scenarios. The corresponding values 
for Srneia USing the previous 12 + 3 ppm differ- 
ence between Moon and Earth AO values (2) 
are +80 to +180% and +16 to +36%, respectively 
(Fig. 1A). The new measurements presented here 
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are consistent with Earth and the Moon having 
near-identical Theia contents. Indistinguish- 
able A"”O values of the Moon and Earth to the 
5 ppm level of uncertainty suggests that the 
Moon-forming impact thoroughly mixed and 
homogenized the oxygen isotopes of Theia and 
proto-Earth. 

Our interpretation has implications for the 
composition of the LV of primitive bodies that 
impacted the silicate Earth. A disproportionately 
larger flux of LV planetesimals is implied by a 
higher average °?w/'8*W for the Moon than for 
Earth and by previous estimates for the apparent 
differences in highly siderophile element (HSE) 
concentrations between the terrestrial and lunar 
mantles (37). The interpretation of these data is 
that the Moon and Earth began with the same 
W isotopic ratios, but that Earth inherited a 
greater fraction of low ®?w/"**W material in the 
form of chondritic planetesimals after the Moon- 
forming giant impact (38, 39). If we adopt the 
conclusion from the W isotopes that the Earth- 
Moon system was well mixed as a result of the 
Moon-forming impact, then the nearly identical 
AO values of Moon and Earth constrain the 
identity of the LV impactors by their oxygen 
isotope ratios. Estimates for the Earth/Moon 
ratio of the LV mass fluxes range from ~200 to 
1200 (37, 40, 41). Using a late-veneer flux to Earth 
of 2 x 10” kg (37) and a conservative maximum 
Earth/Moon flux ratio of 1200 (40), the difference 
in LV fractions comprising the silicate Earth and 
Moon is 0.00447. Combining this value with our 
measured value for A”’Oytoon — A"“Opartn Of zero 
(28) requires that the LV impactors had average 
AO values within ~0.2%o or less of Earth, sim- 
ilar to enstatite chondrites (25). Alternatively, 
with our maximum permitted A””O\joon — A” Ogarth 
of + ~5 ppm, the calculated A””O value for the 
LV is +1.1%o. This value encompasses aqueously 
altered carbonaceous chondrites and some ordi- 
nary chondrites. For comparison, the same calcu- 
lation using the 12 ppm difference between the 
Moon and Earth yields an LV AO of —2.7%o, 
suggesting that the impactors were composed 
mainly of relatively unaltered and dry carbona- 
ceous chondrites (4). Our result suggests that if 
the LV was composed mainly of carbonaceous 
chondrites, the parent bodies must have included 
substantial fractions of high-A’”O water either in 
the form of aqueous alteration minerals or as 
water ice. 
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POLYMERS 


Simultaneous covalent 


and noncovalent 


hybrid polymerizations 


Zhilin Yu,’ Faifan Tantakitti,” Tao Yu,’ Liam C. Palmer,?* 


George C. Schatz,’* Samuel I. Stupp?”?>6* 


Covalent and supramolecular polymers are two distinct forms of soft matter, composed 
of long chains of covalently and noncovalently linked structural units, respectively. 

We report a hybrid system formed by simultaneous covalent and supramolecular 
polymerizations of monomers. The process yields cylindrical fibers of uniform diameter 
that contain covalent and supramolecular compartments, a morphology not observed 
when the two polymers are formed independently. The covalent polymer has a rigid 
aromatic imine backbone with helicoidal conformation, and its alkylated peptide side 
chains are structurally identical to the monomer molecules of supramolecular polymers. 
In the hybrid system, covalent chains grow to higher average molar mass relative to 
chains formed via the same polymerization in the absence of a supramolecular 
compartment. The supramolecular compartments can be reversibly removed and 
re-formed to reconstitute the hybrid structure, suggesting soft materials with novel 


delivery or repair functions. 


upramolecular soft matter encompasses 

organic materials in which structural units 

engage in strong and often complex non- 

covalent interactions to generate specific 

properties and functions. Structurally, 
these materials can be organized nanostruc- 
tures (1) or supramolecular polymers (2). Supra- 
molecular soft matter has obvious potential 
to create reversibly dynamic materials, given 
the finite lifetimes of interunit noncovalent 
bonds, and development of this area is clearly 
inspired by biological systems. In cytoskeleton 
fibers, for example, the monomers are covalent 
polymers, and it is their reversible noncova- 
lent interactions into a supramolecular poly- 
mer that create their dynamic functions in 
cells (3, 4). Variations in monomer structures 
(5, 6), covalent templates (7), or catalysts (8) 
have facilitated great progress toward the de- 
sign of supramolecular architectures in solution. 
However, the integration of covalent and su- 
pramolecular polymers into hybrid dynamic 
structures as a source of function has yet to be 
achieved. 
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Here we report the synthesis of polymeric 
systems based on the simultaneous covalent 
and noncovalent polymerization of structurally 
matched monomers. We aimed to explore the 
nature of hybrid structures that might form dur- 
ing this potentially synergistic process. The co- 
valent polymer (C-Polymer) was designed to form 


by condensation reactions between an aromatic 
dialdehyde (monomer 1) and an aromatic di- 
amine (monomer 2). These two monomers con- 
tained as side chains the amino acid sequence 
valine-glutamic acid-valine-glutamic acid, con- 
nected to the aromatic groups via a dodecyl link- 
age (Table 1). Monomer 3 of the supramolecular 
polymer (S-Polymer) (Table 1) is isostructural 
with the side chains of the C-Polymer and, on the 
basis of previous results, was expected to form 
ribbon-shaped supramolecular polymers (9). 
Consistent with previous work on foldamers 
(10-12), the C-Polymer was designed to have a 
sixfold helicoidal conformation, in this case pro- 
moted in polar media and stabilized by hydrogen 
bonds among the peptide segments, as well as 1-1 
stacking interactions between aromatic groups. 

To synthesize the C-Polymer, we mixed mono- 
mers 1 and 2 in a 1:1 molar ratio in aqueous 
solution at pH 5 to promote the condensation 
reaction between aldehydes and amines (13). 
The S-Polymer formed by simply dissolving mono- 
mer 3 in water, owing to its strong amphiphilic 
structure. Cryo-transmission electron micros- 
copy (cryo-TEM) revealed the formation of a 
heterogeneous collection of one-dimensional 
(1D) structures in the C-Polymer (Fig. 1A and 
fig. S9), and the S-Polymer formed the expected 
ribbon-shaped flat assemblies (Fig. 1B). How- 
ever, when we mixed solutions of monomers 1, 2, 
and 3 simultaneously in a molar ratio of 1:1:2 
at pH 5, the flat assemblies of the S-Polymer 
did not form, and we instead observed 1D struc- 
tures with precisely defined cylindrical shape 
with uniform diameter as the dominant morphol- 
ogy (in a few uncommon sites, thin ribbonlike 


Table 1. Chemical structures of monomers 1, 2, and 3. 


Monomers Chemical structures 
Monomer 1 
H2N H oO HON“H O 
Monomer 2 NAA Nt AN OH 
‘O HO HO 
HoN 
HOO HOO 
(e} HO HO 
Monomer 3 aS" NN NOH 
HO \HO 
HOO HOO 
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defects can be observed) (Fig. 1C and fig. S10). 
These 1D structures appear well separated, 
which is possibly the result of the high charge 
density contributed by the integration of the 
S-Polymer in the hybrid structure. 


We hypothesized that a covalent-noncovalent 
(CNC) hybrid system was formed by the simul- 
taneous covalent and supramolecular polymer- 
izations. More specifically, we considered that 
this CNC hybrid integrated distinct covalent 


and supramolecular compartments as a re- 
sult of the structural match of their respective 
monomers (Fig. 1, D to H). In addition, we 
observed only a homogeneous cylindrical struc- 
ture, suggesting thorough integration of both 


Covalent 
Polymerization 


—- 


Noncovalent 
Polymerization 


Covalent 
Noncovalent 
Polymerization 


—<—- 


Fig. 1. Hybrid CNC polymers. (A to C) Cryo-TEM images for (A) the 
covalent polymer (C-Polymer) obtained by mixing monomers land 2 ina 1:1 
molar ratio at pH 5 (white arrows point to ribbonlike segments and black 
arrows to cylindrical ones), (B) the supramolecular polymer (S-Polymer) 
formed by monomer 3, and (C) the CNC hybrid polymer obtained by simul- 
taneously mixing monomers 1, 2, and 3 in a molar ratio of 1:1:2 at pH 5. 
(D to G) Molecular graphics illustrations of (D) the covalent polymerization 
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of monomers 1 and 2 [including a magnified representation (E)], (F) the 
supramolecular polymerization of monomer 3, and (G) the simultaneous 
covalent and supramolecular polymerizations that yield the hybrid polymer. 
Phenyl moieties in molecular graphics illustrations in (D), (E), and (G) are 
shown in yellow. (H) Schematic representation of the CNC hybrid polymer 
consisting of two distinct covalent (green and yellow) and supramolecular 
(red) compartments. 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


polymers. Mechanistically, the preference for 
helical conformation in the C-Polymer and com- 
mon structural features in all three monomers 
could guide directional nucleation and growth 
of supramolecular compartments to create a 
cylindrical hybrid structure. 

The morphologies of the C-Polymer and the 
CNC hybrid were also investigated using atomic 
force microscopy (AFM). In the hybrid samples, 
AFM experiments revealed the uniform, well- 
separated fibrils observed with cryo-TEM (fig. 
$12C), whereas the mixture of monomers 1 and 
2 formed bundled fibrous structures (fig. S12B). 
We attribute the bundling (which was not ob- 
served with cryo-TEM) to drying effects as water 
is removed. This bundling was not observed with 


AFM when all three monomers (1, 2, and 3) 


were mixed simultaneously, providing further 
evidence of the integration of monomer 3 in the 
hybrid, which should result in highly charged 
surfaces. 

We first used optical spectroscopy to in- 
vestigate the condensation between monomers 
1 and 2 to form the C-Polymer. A 1:1 molar 
ratio of monomers 1 and 2 in a fresh solution 
at pH 5, which favors formation of imine bonds 
for polymerization, yielded a product revealing 
in its fluorescence spectrum the anticipated 
excimer emission appearing instantaneously 
at 430 nm, compared with 358 nm for mono- 
mer 1 (Fig. 2A). This shift indicates the ex- 
istence of strong n-n stacking interactions in 
the folded backbone of the C-Polymer (/4). 
Immediately upon mixing monomers 1, 2, 


and 3, we observed substantial quenching of 
the excimer emission characteristic of the C- 
Polymer, which is expected with lengthening 
of the folded backbone (/4). This observation 
and the absence of monomer emission at 
358 nm suggest that the covalent polymeri- 
zation of monomers 1 and 2 within the hybrid 
was facilitated by the simultaneous polymeri- 
zations (Fig. 2A). 

The typical circular dichroism (CD) signals 
for B-sheet secondary structure in the peptide 
side chains were observed in the mixture of 
monomers 1 and 2 (Fig. 2B), whereas only 
CD signals corresponding to random coil con- 
formation were observed for the individual 
monomers (fig. S6). These results indicate 
that attachment of the peptide to the C-Polymer 


4 B c 
7x10 a] C-Polymer 18 
4 — S-Polymer _——_ 
he = a > 90 — CNC Polymer Pg 
5x10 ——s o aialCs a 
2 CNC Polymer 2 (C-Polymer+S-Polymer) $12 
“p 4x10° ~ 10 N 
ae e -* 
© 3x10 S 0 2 
® 2x10! = iis 
S wW-10 < 
iz 1x10* 3 
" -20 La 
300 350 400 450 500 550 200 220 240 260 % 1 2 3 4 
/nm aA/ nm equivalents of 3 


Fig. 2. Spectroscopic characterization. (A) Fluorescence spectra of monomer 1, the C-Polymer, and the hybrid CNC polymer. Fluorescence is 
measured in units of counts. 4, wavelength. (B) CD spectra of the C-Polymer, the S-Polymer, the hybrid CNC polymer, and the sum of the spectra of the 
C-Polymer and S-Polymer. (C) Plot of the difference in CD signal intensity at 214 nm, corresponding to the mixture of all three monomers (1, 2, and 3) and 
that of monomer 3 [Aellipticity = CD intensity (mixture) — CD intensity (monomer 3)], as a function of the added equivalents of monomer 3. All samples 
were prepared at pH 5. 
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Fig. 3. Extraction and reconstitution. (A to C) Cryo-TEM image of (A) the CNC hybrid polymer, (B) the same material after extraction of the supramolecular 
compartments by dialysis, and (C) after reconstitution of the hybrid by adding a fresh solution of monomer 3. (D and E) Images corresponding to samples 
exposed to a second cycle of extraction and reconstitution. (F) Schematic representation of the extraction of supramolecular compartments from CNC hybrid 
polymers and their reconstitution by adding monomer 3. 
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backbone as a side chain enhanced formation 
of the 6 sheets. In turn, these hydrogen bonds 
can facilitate the growth of the folded backbone 
by preorganizing monomers. In addition, the 
absence of a CD signal in the absorption re- 
gion of the folded backbone (~300 nm) indi- 
cates that the chiral centers in peptide segments 
are too distant or the dodecyl linkers are too 
flexible to bias the twist sense of the helical 
backbone (15). When solutions of monomers 
1, 2, and 3 were mixed simultaneously, the 
CD signal for B sheets increased relative to 
that of the C- or S-Polymer, and the signal in- 
tensity was even greater than the sum of both 
(Fig. 2B). This increase suggests the forma- 
tion of a highly integrated hybrid structure in 
which peptide hydrogen bonding is enhanced 
through synergistic interactions among the 
three isostructural monomers. The increase in 
CD intensity depended on the relative concen- 
trations of monomers 1 and 2 versus monomer 
3, and the saturation of the signal was ob- 
served beyond the addition of two equivalents 
of monomer 3 (Fig. 2C). We also used cryo-TEM 
to examine samples resulting from mixtures 
of monomers I, 2, and 3 with molar ratios of 
1:1:1 and 1:1:4. In both mixtures, we observed 
a heterogeneous population of structures (fig. 
$11). Although adding one equivalent of mono- 
mer 3 into monomers 1 and 2 gives rise to 
formation of short cylindrical fibers and rib- 
bons, the mixture containing four equivalents 
of monomer 3 forms long fibers and ribbons. 
These results indicate that there is not enough 
monomer 8 in the first case to form the high- 
ly defined structure of the CNC hybrid. How- 
ever, an excess of monomer 3 in the second 
case leads to the formation of the CNC hybrid 
and a ribbon-shaped S-Polymer. On the basis 
of CD data and cryo-TEM images, we conclude 
that the supramolecular compartments are 
formed only by a finite number of monomer 
3 molecules per unit length of hybrid struc- 
ture (Fig. 1G). This is consistent with the well- 
defined shape and largely uniform diameter of 
hybrid fibrils. 

We tested the possibility of removing the 
supramolecular compartment from the hybrid 
CNC polymer and subsequently reconstituting 
it. We synthesized a fluorescein-labeled version 
of monomer 8 (fl-3) to quantify this process. 
Cryo-TEM experiments showed that extraction 
of monomer 8 from the hybrid by dilution in 
pH 5 water and dialysis led to the appearance 
of short fibers (Fig. 3B). Upon addition of fresh 
monomer 3 to the extracted sample, the long 
cylindrical morphology of the CNC hybrid was 
recovered (Fig. 3, A to C), and when the extrac- 
tion and reconstitution cycle was repeated, 
identical results were obtained (Fig. 3, D and E). 
Based on the fluorescence intensity of fl-3 in 
the polymer solution, 94% of monomer 3 was 
removed from the hybrid after dilution and 
dialysis (fig. S17). 

To verify covalent polymerization in both the 
C-Polymer and the CNC hybrid, we used Fourier 
transform infrared (FTIR) spectroscopy, matrix- 
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assisted laser desorption/ionization-time-of- 
flight (MALDI-TOF) mass spectrometry, and 
size exclusion chromatography with multiangle 
light scattering (SEC-MALS). The FTIR mea- 
surements provided evidence of imine bond 
formation in both the C-Polymer and the CNC 
hybrid (fig. S3), as well as the presence of hy- 
drogen bonds in all samples (fig. $3). MALDI- 
TOF studies also confirmed the formation of 
covalent polymer upon mixing monomers 1 and 
2 or monomers 1, 2, and 3, as indicated by an 
appropriate increase in molar mass in both 
cases (fig. S4). The average molecular weight 
when 1 and 2 were mixed was determined by 
SEC-MALS to be on the order of 14 kDa, but a 
much higher molecular weight of 250 kDa was 
measured by this technique for the covalent 
component of the CNC hybrid (fig. S5 and table 
Sl). Based on the average molecular weight 
measured for the covalent polymer component 
of the hybrid and the cryo-TEM images, we 
conclude that cylindrical fibers contain mul- 
tiple chains condensed by the synergistic sec- 
ondary interactions among the three structural 
units. Overall, these results demonstrate the for- 
mation of a covalent polymer by mixing mono- 
mers 1 and 2 or within the hybrid structure. 
Furthermore, the results also strongly support 
the notion that formation of the supramolecular 
compartment in the hybrid effectively catalyzes 
covalent polymerization. 

We analyzed the covalent component in the 
CNC hybrid after extraction of the supramolecular 
compartment using fluorescence and SEC-MALS 
experiments. Fluorescence spectra of the co- 
valent component after removal of the supra- 
molecular compartment revealed the recovery of 
quenched excimer emission over time (fig. S18). 
This result implies that, after removal of mono- 
mer 3, the covalent compartment is less stable 
and dissociates into short covalent chains. In 
addition, the average molecular weight of the 
covalent compartment aged for 10 days was de- 
termined by SEC-MALS to be ~16 kDa (fig. S18), a 
decrease of more than one order of magnitude 
relative to the original covalent component with- 
in the hybrid. Both results suggest that the CNC 
hybrid is more thermodynamically stable than 
the C-Polymer. Furthermore, CD data as a func- 
tion of temperature showed that the signals for 
both the C-Polymer and the CNC hybrid decreased 
upon heating as a result of thermally induced 
depolymerization, as indicated by fluorescence 
results (fig. S7). However, in the CNC hybrid, 
depolymerization was found to start at a tem- 
perature 5°C higher than in the C-Polymer. Again, 
this finding provides evidence for the stability 
of the hybrid as a result of the synergistic sec- 
ondary interactions among its three different 
structural units. The results also provide mech- 
anistic insight into the CNC hybrid polymeri- 
zation, strongly suggesting that the synergistic 
interactions are responsible for the enhanced 
levels of covalent polymerization in the CNC 
hybrid structure. 

We used small-angle x-ray scattering (SAXS) 
experiments to further characterize the mor- 


phologies of the various supramolecular assem- 
blies in solution. For monomers 2 and 3, the 
scattering signals showed a -2 slope in the low- 
q area (q, modulus of the momentum transfer 
vector), demonstrating the formation of flat 
structures in solution (Fig. 4A) (16, 17). The C- 
Polymer exhibited a -1.3 slope, which suggests 
a heterogeneous mixture of morphologies, con- 
sistent with our cryo-TEM observations. In con- 
trast, the CNC hybrid displayed a slope of nearly 
-] (Fig. 4A), indicating the formation of highly 
1D cylindrical structures without any evidence 
of the flat structures observed for monomers 2 
and 3 (7, 18). Additional geometrical infor- 
mation of the assemblies of the hybrid could 
be obtained by fitting the scattering curves 
to a core-shell cylinder model. The diameter 
for the hybrid was estimated to be 5.9 nm, 
which is comparable to our observations with 
cryo-TEM. 

To gain insight into the mechanism for the 
formation of the hybrid CNC polymer, we moni- 
tored changes in the CD spectrum over time in 
different types of samples. As shown in Fig. 4B, 
a mixture of monomers 1 and 2 undergoing 
covalent polymerization revealed an increas- 
ing value of ellipticity that saturates after sev- 
eral hours. The CNC polymer formed by mixing 
all three monomers simultaneously exhibited 
a rapid rise in ellipticity, suggesting nuclea- 
tion and growth of an ordered structure. At the 
same time, the invariant ellipticity of the S- 
Polymer formed by monomer 3 indicates that 
the increase in ellipticity of the CNC hybrid did 
not arise from independent supramolecular 
polymerization, but rather from the simulta- 
neous supramolecular and covalent polymeri- 
zations. The faster kinetics associated with CNC 
hybrid formation compared with that of the 
C-Polymer strongly supports a distinctive mech- 
anism involving simultaneous covalent and 
supramolecular reactions. These observations 
could explain why the average molecular weight 
measured for the covalent compartment of the 
CNC polymer is so much higher than that of the 
C-Polymer. In other words, the data are consist- 
ent with a synergistic enhancement of C-Polymer 
formation by supramolecular contacts with 
monomer 3. 

We used CD spectroscopy to follow the in- 
teraction between a pre-formed C-Polymer and 
monomer 3. When different amounts of mono- 
mer 3 were added to the pre-formed C-Polymer, 
we observed only a small initial increase in 
CD signal intensity in the B-sheet region (Fig. 
4C). However, when samples with an excess of 
monomer 3 aged for 2 days, the CD intensity 
increased and was comparable to that observed 
when the hybrid CNC polymers formed through 
the simultaneous mixing of monomers 1, 2, 
and 3 (Fig. 4C). Our SEC-MALS results in- 
dicate that the average molecular weight of 
the covalent component in solutions contain- 
ing two equivalents of monomer 3 increased 
with time from 21.1 to 190 kDa (table S1). The 
fact that CD signatures of the ordered hybrid 
are not observed immediately upon mixing 
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Fig. 4. Results of SAXS, cryo-TEM, and MD modeling experiments. (A) 
SAXS curves and their corresponding slopes in the linear region obtained 
from solutions of monomer 2, monomer 3, the C-Polymer, and the hybrid 
CNC polymer (scattering curves were offset for clarity). The fitting curve 
for the scattering data of the CNC hybrid is shown in purple. g, modulus of 
the momentum transfer vector; /, scattered intensity; A.U., arbitrary units. 
(B) Change in ellipticity at 199 nm as a function of time during formation of 
the C-Polymer, S-Polymer, and CNC hybrid polymer during simultaneous cova- 
lent and supramolecular polymerization (by mixing monomers 1, 2, and 3), 
as well as the CNC hybrid polymer by adding monomer 3 to a pre-formed 
C-Polymer. t, time in hours. (C) Plot of the difference in CD signal intensity at 
214 nm, corresponding to the mixture of 1 and 2 and that of monomer 3 
[Aellipticity = CD intensity (mixture) — CD intensity (monomer 3)], as a func- 
tion of the added equivalents of monomer 3. The plot shows one curve 
corresponding to a fresh sample of C-Polymer mixed with 3 and another cor- 
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responding to an aged sample. (D and E) Cryo-TEM images of a sample 
corresponding to a fresh mixture of a pre-formed C-Polymer and monomer 3 
(D) and a sample of the same mixture aged for 2 days (E) (both samples con- 
tained two equivalents of monomer 3). Black and white arrows in (D) indicate 
cylindrical fibers and ribbons, respectively. (F) Results from an atomistic MD 
modeling of the C-Polymer (left) and the CNC hybrid polymer (right) (green, 
folded aromatic backbone; red, flexible dodecy! linker; blue, the turn and random 
coil: yellow, B sheet). The white dashed ellipsoids indicate formation of hydro- 
gen bonding between peptides in covalent and supramolecular compartments. 
(G and H) MM2 MD modeling (see supplementary materials) of the matched 
structures (monomers 1, 2, and 3) next to the cryo-TEM image of the system 
prepared by mixing 1, 2, and 3 in a molar ratio of 1:1:2 at pH 5 (G) and, similarly, 
of the mismatched structures (monomers 1, 2, and 4) with the corresponding 
cryo-TEM image (H) (red, monomer 3; purple, monomer 4; green, side chains of 
the covalent compartment; yellow, aromatic units of the covalent compartment). 
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could be explained by diffusional barriers within 
the system imposed by the pre-formed covalent 
polymer. 

Both SAXS and cryo-TEM experiments 
supported our interpretation of the CD and 
molecular weight data. In SAXS experiments, 
the fresh mixture of pre-formed C-Polymer and 
monomer 3 revealed a slope of -1.4 in the 
low-q region, indicating a heterogeneous mix- 
ture of morphologies. In marked contrast, we 
measured a slope of approximately -1 for the 
aged sample, thus demonstrating the possibility 
of forming the well-defined cylindrical struc- 
ture of the CNC hybrid by mixing monomer 3 
with pre-formed covalent polymer. In addition, 
fitting the scattering data to a core-shell cylin- 
drical model yields effectively the same diameter 
for structures in the aged sample and samples 
obtained by the simultaneous polymerization 
of monomers 1, 2, and 3 (fig. S19). Further- 
more, cryo-TEM also reveals virtually identical 
morphologies in these two types of samples 
(Fig. 4, D and E). 

We hypothesize that the structural match 
of the supramolecular monomer with the side 
chains of the covalent compartment plays a 
critical role in the integration of the two 
compartments and the catalytic effect of the 
supramolecular polymerization on covalent poly- 
condensation. To test this hypothesis, we used 
a monomer (4; see supplementary materials) 
for the S-polymer that would not easily inter- 
act noncovalently with the side chains of the 
C-Polymer. This monomer was also a peptide 
amphiphile with the same general structural 
features as monomer 3. However, the struc- 
tural match in monomer 4& relative to the side 
chains is lost, both in the length of the hydro- 
phobic region (four additional methylene groups) 
and its peptide sequence (a different sequence 
of two amino acids present in monomer 3, 
valine and glutamic acid, plus two additional 
glycine residues). Cryo-TEM images of the mis- 
matched system reveal a heterogeneous mixture 
of morphologies formed by combining mono- 
mers I, 2, and 4 in the molar ratio of 1:1:2 (Fig. 
4H and fig. S20). Additionally, in this system we 
observed only a slight difference in CD inten- 
sity after mixing monomers 1, 2, and 4& (fig. 
$21). These results demonstrate that the new 
supramolecular monomer does not integrate 
well with covalent compartments and does not 
form the distinct hybrid CNC polymer. The av- 
erage molecular weight of the covalent com- 
partments in the presence of monomer 4 was 
characterized by SEC-MALS to be ~18 kDa, 
more than an order magnitude lower than that 
of the matched system (fig. S21). We conclude 
from these results that the structural mismatch 
between monomer 4& and the side chains of the 
C-Polymer does not promote synergistic inter- 
actions responsible for stabilization of the C- 
Polymer by the S-Polymer, which in turn results 
in greater growth of the C-Polymer within the 
CNC hybrid. 

In previous work (19-22), including our own 
(23-25), systems have been studied in which 


502 29 JANUARY 2016 * VOL 351 ISSUE 6272 


covalent polymerization is triggered after supra- 
molecular self-assembly of monomers, leading 
to internally ordered covalent polymers. There 
is also another system in which an ordered co- 
valent polymer was obtained after polymeriza- 
tion of the monomer in a solvent that does not 
promote formation of a supramolecular tem- 
plate (26). In our current work, a pathway is 
described to obtain hybrid polymers in which 
supramolecular and covalent polymers are inte- 
grated. The supramolecular compartment in 
these systems can be temporarily removed and 
reconstituted by simply adding its monomer 
again. Furthermore, we discovered that the su- 
pramolecular compartment within the hybrid 
catalyzes covalent polymerization. 

We carried out atomistic molecular dynam- 
ics (MD) simulations on the C-Polymer and 
the hybrid CNC polymer (Fig. 4F). These MD 
simulations were performed for 24 molecules 
each of monomers 1 and 2 and 48 molecules 
of monomer 3 in the presence of water and 
sodium ions. Details of these simulations can 
be found in the supplementary materials and 
in a previous publication (27). The simulations 
yielded a hybrid CNC structure with a diam- 
eter equal to 7 nm, which is reasonably con- 
sistent with experimental results (fig. S23). 
The simulations showed also that B sheets 
formed among 15 peptide segments within the 
C-Polymer and 22 peptide segments in the hy- 
brid CNC polymer (fig. S23). Most of the B 
sheets within the CNC hybrids formed between 
the supramolecular and covalent compartments 
(fig. S23 and MD simulations in the supplemen- 
tary materials). We believe that the integration 
of the two distinct compartments into the CNC 
hybrids benefits from these secondary bonds, 
along with other noncovalent interactions. This 
integration among isostructural components in 
all three monomers was an important molecu- 
lar design criterion. 

These polymers self-organize to contain 
distinct covalent and supramolecular compart- 
ments that allow removal and re-formation of 
the supramolecular component, thus recon- 
stituting the hybrid polymer. These structures 
could provide functional platforms for novel 
modes of molecular delivery or repair of struc- 
tures, as hybrids are disassembled and re-formed 
by simple addition of small molecules. Our ex- 
perimental results on these systems also sug- 
gest that supramolecular polymerizations can 
be used to catalyze the formation of covalent 
macromolecules. 
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CYSTIC FIBROSIS 


Airway acidification initiates host 
defense abnormalities in cystic 


fibrosis mice 
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Cystic fibrosis (CF) is caused by mutations in the gene that encodes the cystic 
fibrosis transmembrane conductance regulator (CFTR) anion channel. In humans 

and pigs, the loss of CFTR impairs respiratory host defenses, causing airway infection. 
But CF mice are spared. We found that in all three species, CFTR secreted bicarbonate 
into airway surface liquid. In humans and pigs lacking CFTR, unchecked H* secretion 
by the nongastric H*/K* adenosine triphosphatase (ATP12A) acidified airway surface 
liquid, which impaired airway host defenses. In contrast, mouse airways expressed little 
ATP12A and secreted minimal H*; consequently, airway surface liquid in CF and non-CF 
mice had similar pH. Inhibiting ATP12A reversed host defense abnormalities in human 
and pig airways. Conversely, expressing ATP12A in CF mouse airways acidified airway 
surface liquid, impaired defenses, and increased airway bacteria. These findings help 
explain why CF mice are protected from infection and nominate ATP12A as a potential 


therapeutic target for CF. 


thin layer of airway surface liquid (ASL) 

is the point of contact between an or- 

ganism and potential pathogens from the 

environment. To maintain sterile lungs, 

ASL contains several innate defenses, in- 
cluding a complex mixture of antimicrobials that 
kill bacteria, mucociliary transport that carries 
pathogens out of the lung, and phagocytic cells 
(1-3). In the genetic disease cystic fibrosis (CF) 
(4, 5), the loss of cystic fibrosis transmembrane 
conductance regulator (CFTR) impairs airway 
host defenses, initiating a cascade of bacterial 
airway infection, inflammation, and progres- 
sive destruction (6). After the discovery that 
mutations in the human CFTR gene cause CF, 
mice were produced with a disrupted Cftr gene 
(7, 8). Unexpectedly, airways of CF mice cleared 
large bacterial inocula and did not develop the 
spontaneous bacterial infections typical of CF 
(7, 8). Speculation about why CF mice fail to 
develop airway infections has relied on correla- 
tions. Compared with humans, mice have only a 
few submucosal glands, have different airway 
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epithelial cell types, express other anion chan- 
nels, and are smaller—features that correlate 
with absence of CF-related infections (7-9). 

The recent finding that CF pigs develop air- 
way disease that mirrors that of CF in humans 
(10, 11) provided us with an opportunity to 
compare humans, pigs, and mice. We reasoned 
that a better understanding of why CF mice do 
not develop airway infections might offer new 
insights into the molecular basis of respiratory 
infections in humans with CF. A potential mech- 
anism emerged with the discovery that a loss 
of CFTR-mediated HCO; secretion and an acid- 
ic pH impair at least two airway host defense 
mechanisms. These defects inhibit the killing 
of bacteria in ASL (12, 73) (fig. S1). They also 
alter ASL and mucus viscosity and impede mu- 
cociliary transport (14, 15). In addition, they 
increase mucus viscoelasticity in other organs 
(16, 17). We therefore explored whether differ- 
ences between the pH of ASL in humans, pigs, 
and mice might account for differences in host 
defense properties. We found that the loss of 
CFTR reduced ASL pH in differentiated cultures 
of pig airway epithelia and in vivo, consistent 
with earlier findings (Fig. 1, A and B) (72). Loss 
of CFTR also reduced ASL pH in cultures of 
human airway epithelia (Fig. 1A) (8). In vivo 
studies of human CF neonates also found a re- 
duced ASL pH (19), although studies of older 
people with CF yielded variable results (19-21). 
In contrast, in mice, the loss of CFTR did not 
reduce ASL pH either in vitro or in vivo (Fig. 1, 
A and B) (22). 

Ca?*-activated Cl channels might compen- 
sate for the loss of CFTR-mediated HCO; 


secretion and prevent ASL acidification in CF 
mice; Ca?*-activated Cl channels are abundant 
in mouse but not in human airways (9, 23, 24). 
Therefore, we predicted that pig airways would 
exhibit few Ca’*-activated anion channels. We 
found transcripts for the Ca?*-activated anion 
channel TMEMI6A (anoctamin-1) in CF airway 
epithelia in a human:pig:mouse ratio of 1:9:18 
(Fig. 1C). CF epithelia exhibited Ca?*-stimulated 
anion secretion in a human:pig:mouse ra- 
tio of 1:5:10 (Fig. 1D). Adding carbachol, a 
Ca?*-mediated secretagogue, elevated ASL pH 
by 0.02 + 0.01 units in human, 0.11 + 0.02 units 
in pig, and 0.09 + 0.03 units in mouse epithelia 
(Fig. 1E). Thus, pig airway epithelia exhibit sub- 
stantial Ca?*-activated anion secretion, yet 
they develop airway infections. Although these 
data do not disprove the proposal that Ca?*- 
activated anion channels prevent infection in 
CF mice, they suggest that other factors may 
be important. 

We also reasoned that CF mice might not 
have an abnormally acidic ASL pH if there 
was little CFTR in non-CF mouse airways (25). 
To test CFTR activity, we applied forskolin and 
IBMX (3-isobutyl-1-methylxanthine) to elevate 
intracellular cyclic adenosine monophosphate 
(cAMP) and phosphorylate CFTR. Increasing 
cAMP stimulated HCO; secretion in non-CF 
epithelia of all three species (Fig. 1F) (18, 26, 27). 
Moreover, stimulating HCO, secretion elevated 
ASL pH in non-CF epithelia of all three species 
(Fig. 1G). These data suggest that the lack of 
CFTR alone does not explain CF-versus-non-CF 
differences in ASL pH among species. We ex- 
pected that without CFTR, cAMP would merely 
fail to alkalinize ASL; unexpectedly, in CF pig 
and human epithelia, cAMP stimulation re- 
duced ASL pH (Fig. 1H). In mice, the loss of 
CFTR prevented cAMP-induced alkalinization, 
but, in contrast to CF pigs and humans, it did 
not lower ASL pH. 

These results suggest that pigs and humans 
have a mechanism that acidifies ASL and that 
this mechanism is absent or less efficient in 
mice. To focus selectively on H* secretion, we 
removed HCO; and CO. from the basolateral 
solution and replaced ASL with a small amount 
of nonbuffered solution at pH 7. Non-CF pig 
and human epithelia rapidly acidified the ap- 
ical solution, whereas non-CF mouse epithelia 
acidified at about one-sixth the rate (Fig. 2A). 
CF epithelia yielded similar results (Fig. 2B). Al- 
though several epithelial properties influence 
ASL pH, less H* secretion in mice is consistent 
with a higher ASL pH in CF mice than in CF 
pigs or humans (Fig. 1A). 

To determine which transporters secrete H* 
in pig airways, we assessed several candidates 
(28-30). Of the transcripts evaluated, those for 
ATP12A [the a subunit of the nongastric H*/K* 
adenosine triphosphatase (ATPase)] and the 
al and a2 subunits of V-type ATPase were the 
most abundant in airways, and levels were sim- 
ilar for CF and non-CF pigs (fig. S2). To test for 
function of H* secretory proteins, we applied 
pharmacological inhibitors to the apical surface 
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and found that ouabain, which inhibits ATP12A, 
increased ASL pH (Fig. 2C and figs. $3 and S4). 
ASL contains 20 to 40 mM K* (22), which 
would be required for ATP12A activity; remov- 
ing apical K* prevented H” secretion (Fig. 2D). 
Inhibition of ATP12A by small interfering RNA 
(siRNA) also increased ASL pH, further sup- 
porting a role for ATP12A (Fig. 2E and fig. S5A). 
Previous reports indicate that elevating cAMP 
stimulates ATP12A activity (37). Consistent with 
that, apical ouabain and ATP12A siRNA inhib- 
ited cAMP-stimulated ASL acidification (fig. S5, 
B to D). Although ouabain also inhibits the baso- 
lateral Na*/K* ATPase, these effects of apical 
ouabain did not arise from Na*/K* ATPase in- 
hibition (fig. S6). 

On the basis of these results, we hypothe- 
sized that in the absence of CFTR, ATP12A acid- 
ifies ASL in pigs and humans, which impairs 
factors associated with airway defense, but that 
this process does not occur or is minimal in CF 
mice. Consistent with these ideas, mouse air- 
ways had only 1 to 10% as many ATP/2A tran- 
scripts (Fig. 2F). Immunohistochemical staining 
revealed ATP12A at the apical surface of hu- 
man and pig but not mouse airways (Fig. 2G). 
ATP12A associates with a B subunit, including 
the Na*/K* ATPase 8 subunit (ATPIB1) (28). Pig 
and human epithelia showed apical ATP1B1 im- 
munostaining in addition to basolateral staining, 


whereas in mouse airways, ATP1B1 immuno- 
staining was primarily basolateral (fig. S8). Our 
hypotheses point to two predictions that can 
be tested experimentally. The first is that ATP12A 
is required for ASL acidification and host de- 
fense abnormalities in CF pigs. The second is 
that expressing ATP12A in CF mouse airways 
would be sufficient to reduce ASL pH and cre- 
ate host defense abnormalities. 

To test the first prediction, we inhibited 
ATP12A with apical ouabain and found that it 
raised ASL pH in primary cultures of pig airway 
epithelia (Fig. 3A). We assayed antibacterial 
activity by briefly touching the ASL with a gold 
grid coated with Staphylococcus aureus and then 
determining the percentage of bacteria killed 
(12). Apical ouabain increased the killing of 
S. aureus (Fig. 3B). We also assayed ASL vis- 
cosity, which is increased in CF and may con- 
tribute to impaired mucociliary transport (15, 32). 
We measured fluorescence recovery after pho- 
tobleaching (32) and found that apical ouabain 
reduced viscosity (Fig. 3C). After we applied 
apical ouabain, the pH, antibacterial activity, 
and viscosity of CF ASL became similar to those 
of non-CF ASL. 

To test the relevance of these findings in vivo, 
we studied pigs. We surgically created a small 
tracheal window and applied ouabain. As ob- 
served in vitro, ouabain increased ASL pH and 
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the killing of S. aureus in CF pigs (Fig. 3, D and 
E). We also measured the effect of apical ouabain 
on the ASL pH of human epithelia; applying 
apical ouabain increased ASL pH (Fig. 3F). These 
data are consistent with a report implicating 
ATP12A in H® secretion in human cultures (18). 
The increase in ASL pH enhanced bacterial 
killing and reduced ASL viscosity (Fig. 3, G and 
H). These results suggest that inhibiting ATP12A 
would also elevate ASL pH in non-CF pigs and 
humans and improve host defense; supporting 
this idea, ouabain had similar effects in non-CF as 
in CF pigs and humans, both in vitro and in vivo 
(Fig. 3, A to H). 

We next tested the second prediction—i.e., 
that expressing ATP12A in airways of CF mice 
would decrease ASL pH and generate host de- 
fense abnormalities. We treated cultured mouse 
airway epithelia with an adenovirus encoding 
ATPI2A and found that it acidified ASL (Fig. 4A 
and figs. S13 to S15). Apical ouabain reversed 
the effect of ATP12A expression, increasing ASL 
PH (fig. $16), a result that further supports the 
conclusion that ATP12A acidifies ASL. ATP12A 
expression also impaired bacterial killing and 
increased ASL viscosity in CF mouse epithelia 
(Fig. 4, B and C). 

To test the effects of ATP12A in vivo, we in- 
stilled adenovirus expressing ATP12A into the 
tracheae of CF mice. ATP12A reduced ASL pH 
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Fig. 1. ASL pH is abnormally acidic in CF pigs and humans, but not in CF 
mice. (A) ASL pH measured in differentiated primary airway epithelial cultures 
from humans, pigs, and mice using SNARF-dextran (n = 6). The basolateral 
solution contained 25 mM HCO3,, and the atmosphere contained 5% CO>. 
(B) ASL pH measured in vivo on tracheal surfaces of newborn pigs and mature 
mice using a pH-sensitive optode (n = 6 for non-CF and CF pigs, 18 for non-CF 
mice, and 9 for CF mice). (©) TMEM16a mRNA expression in CF human, pig, 
and mouse cultured airway epithelia (n = 6). (D) Change in the short-circuit 
current (Alsc) after adding 1 uM ionomycin basolaterally to cultured CF airway 
epithelia studied in Ussing chambers (n = 5). The solution contained 1440 mM 
CI" bilaterally without HCO3° and CO>. (E) ASL pH before and after adding the 
Ca**-mediated secretagogue carbachol (CCH, 200 uM) to basolateral surfaces 
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Human Pig Mouse Pig Mouse 

of CF epithelia in the presence of HCO3” and COz (n = 6 pigs and humans and 
5 mice. (F) Alsc induced by adding 10 uM forskolin and 100 uM IBMX to 
increase intracellular cAMP (n = 5 for CF pigs and mice, 6 for non-CF humans 
and mice, and 7 for non-CF pigs and CF humans). The solution was free of CI” 
and contained 25 mM HCO3 with a 5% COz2 atmosphere. (G and H) ASL pH in 
non-CF and CF pig, human, and mouse cultured airway epithelia before and 
after basolateral addition of 10 uM forskolin and 100 uM IBMX to increase cAMP 
(n = 6). In all panels, each data point or pair of data points is from a different 
animal or human, and bars indicate means + SEM. Analysis of variance 
(ANOVA) with Tukey's multiple comparison test [(C) and (D)] or paired [(E), (G), 
and (H)] or unpaired [(A), (B), and (F)] Student's t tests were used to assess 


statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. 
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Human Pig ~— Mouse epithelia (n = 6 for non-CF epithelia and 6 for CF human, 5 for CF pig, and 4 for CF 
mouse epithelia). 30 ul of a pH 70 unbuffered solution was placed on the apical 
surface, and pH was measured immediately and after 5 min. The basolateral solution was free of HCO3° and COs and buffered with 25 mM Hepes. (C) ASL pH of 
non-CF and CF pig cultured airway epithelia in media free of HCO3° and COz (n = 6 or 7). Epithelia were treated with the following agents dissolved in solvent and 
added apically in 20 ul of perfluorocarbon (target in parentheses): 10 uM ouabain (nongastric H*/K* ATPase), 100 uM SCH28080 (gastric H*/K* ATPase), 100 uM 
bafilomycin (V-type H*-ATPase), 100 uM dimethyl amiloride, dimethylamine (NHE3), 1 mM ZnCl2 (HVCN1), or dimethyl sulfoxide (DMSO) vehicle. (D) The rate of 
apical acidification in the presence and absence of K* (n = 4 to 6). 30 mM Na® replaced K*. Conditions were same as described for (A) and (B). (E) Effect of 
siRNA directed against pig ATP12A or scrambled control (Scr) on ASL pH in cultured non-CF and CF airway epithelia (n = 4). Solutions contained HCO3 and CO>. 
(F) ATP1IZA mRNA levels in non-CF and CF human, pig, and mouse airway epithelia (n = 5 for non-CF pig and non-CF mouse and 6 for all other epithelia). Values for 
mouse epithelia were less than for human and pig epithelia for both genotypes. (G) ATP12A immunostaining of human, pig, and mouse tracheal epithelium. The 
surface epithelium showed immunostaining along the apical surface in humans and pigs, but this was absent in mice. Scale bar, 18 um. Figure S7 shows a positive 
control. In all panels, data points in each group are from epithelia from a different animal or human. Bars indicate means + SEM. Data were analyzed using ANOVA 
with Tukey's multiple comparison test [(A) to (C) and (F)] or unpaired Student's t tests [(D) and (E)]. 


Fig. 3. Inhibiting ATP12A increases pig and B 

human ASL pH and enhances host defense a 

properties of ASL. (A to C) Non-CF and CF 8 

cultured pig airway epithelia were treated with g 

10 uM apical ouabain or DMSO vehicle for 2 hours g 

(n = 6). The data shown are ASL pH (A), bac- - 

terial killing by ASL (B), and the time constant i oe 0. 0 

Ouabain: - + - + OQuabain: Quabain: - + : cf 


(t) for fluorescence recovery after photobleach- 
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bacterial activity, S. aureus—coated grids were 
placed on ASL for 1 min and then evaluated with 
a live/dead stain (fig. S9 shows a negative con- 
trol). A higher tas_/tsaline indicates a greater vis- 
cosity (fig. S1O shows that ASL depth did not 
differ). (D and E) Effect of ouabain (dissolved 
in DMSO suspended in 100 ul of perfluorocarbon; 
estimated final concentration, 10 uM) applied to 
tracheal surfaces of non-CF and CF newborn 
pigs (n = 6). Thirty min later, we measured ASL 
pH (D) and bacterial killing [S. aureus-coated 
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pig [(A) to (E)] or human [(F) to (H)]. Bars in- 
dicate means + SEM. Data were analyzed using 
unpaired [(A) to (C) and (F) to (H)] or paired [(D) and (E)] Student's t tests. 
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and impaired bacterial killing (Fig. 4, D and E). 
In parallel experiments, expressing ATP12A in 
non-CF mouse epithelia in vitro and in vivo did 
not significantly alter ASL pH, bacterial killing, 
or ASL viscosity (fig. S17, A to F). However, further 


increasing the amount of vector could reduce ASL 
DH (fig. S17G). 

Finding acidic ASL in CF mice expressing 
ATPI2A suggests that these mice would be 
predisposed to bacterial infection. The lungs 
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Fig. 4. Expressing ATP12A in CF mouse airways acidifies ASL, induces abnormalities in host 
defense processes, and increases the number of bacteria in lungs. (A) Effect of treating cultured 
mouse airway epithelia with adenovirus expressing ATPI2A (Ad-ATP12A) or vehicle (control) on ASL pH, 
measured Three days later (n = 7). (B and C) Cultured mouse airway epithelia were treated with Ad- 
ATP12A or vehicle (control). Three days later, antimicrobial activity was measured by placing a S. aureus— 
coated grid on the apical surface for 1 min (B), and ASL viscosity was assessed by measuring the time 
constant (t) for fluorescence recovery after photobleaching of ASL relative to saline (C) (n = 5). (D and 
E) Ad-ATP12A or Ad-GFP (control; GFP, green fluorescent protein) was administered to CF mice. ASL pH 
(D) and antimicrobial activity [S. aureus—coated grid placed on the apical surface for 1 min (E)] were 
measured in vivo 3 days later (n = 6 or 7). (F) Ad-ATP12A or Ad-GFP (control) were administered to CF 
mice. Three days later, lungs were removed, homogenized, and cultured. The data shown are colony- 
forming units (CFU) (n = 8; see also figs. SI7H and S18). (G) Total cells/ml in bronchoalveolar lavage 
liquid from CF mice treated with Ad-ATP12A or Ad-GFP (control) 3 days earlier (n = 5 to 7). (H and I) 
Relationships between ATPI2A mRNA and bacterial CFU from a partial lung homogenate (H) and 
composite macrophage score [foamy macrophage plus Ibal (ionized calcium binding adapter molecule 1) 
staining (I)]. (J) Histopathological sections from CF mice 3 days after administering Ad-ATP12A. The left 
panel is from a mouse that had a low level of ATP12A mRNA, and the right panel is from a mouse with 
greater ATPI2A mRNA (logl0 relative to Ad-GFP control). Arrows identify macrophages admixed with cell 
debris and inflammation [see (I)]. In all panels, each data point or pair of data points is from a different 
mouse, and bars indicate means + SEM. Data were analyzed using unpaired Student's t tests [(A) to (E) 
and (G)] Mann-Whitney U rank sum test (F), or linear correlation [(H) and (1)]. 
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of CF mice expressing ATPI2A had 100 times 
as much bacteria as those of control mice (Fig. 
4F). This result is similar to the spontaneous 
appearance of multiple different bacteria in the 
lungs of newborn CF pigs (fig. S18) (7, 33). CF 
mice expressing ATP12A also developed evi- 
dence of inflammation; bronchoalveolar lavage 
revealed elevated numbers of myeloid cells (Fig. 
4G and fig. S19). There were also positive cor- 
relations between ATP12A mRNA levels and num- 
bers of bacteria and airway macrophages (Fig. 
4, H to J). 

It has long been puzzling why mice with a 
disrupted CFTR gene have intact airway host 
defenses, and it has been hoped that under- 
standing the reason might suggest a therapeutic 
strategy. Our data provide an explanation. In 
non-CF pigs and humans, CFTR mediates HCO;— 
secretion, and ATP12A mediates H” secretion. 
The balance between these two secretory pro- 
cesses influences ASL pH. In CF pigs and hu- 
mans, the loss of CFTR leaves H®* secretion 
unchecked by HCO; secretion, ASL pH falls, 
and the acidic pH and/or the reduced HCO," 
concentration impair at least two key ASL 
properties associated with host defense. More- 
over, ASL antimicrobial activity and viscosity 
are very sensitive to small changes in pH. How- 
ever, mouse airways express little ATP12A com- 
pared with those of pigs and humans. They use 
V-type ATPase for H* secretion, but the rate of 
H® secretion is low (Fig. 2, A and B, and fig. 
$20). As a result, the loss of CFTR has minimal 
effects on ASL pH, and two key ASL defense 
properties remain largely intact. Other differ- 
ences between mice, humans, and pigs—such as 
Ca?*-activated anion channels, the abundance 
of submucosal glands, and variations in cell 
types (7-9)—may also contribute to differences 
in host defense among these species. 

Limited ASL acidification in CF mice pro- 
vides an “experiment of nature” with implica- 
tions for therapeutics. First, the knowledge that 
cAMP stimulates ATP12A-mediated H* secre- 
tion (37) and reduces ASL pH might have im- 
plications for CF treatments that elevate cAMP 
levels. For example, f-adrenergic agonists are 
often prescribed for people with CF to relax air- 
way smooth muscle; although this approach 
can provide benefit, it seems possible that it 
might further impair respiratory host defenses. 
Second, inhibiting ATP12A might have ther- 
apeutic value in CF, regardless of CFTR geno- 
type. The findings in mice and the results with 
apical ouabain in pigs and humans provide a 
proof of concept. 
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BIOCHEMISTRY 


An unprecedented mechanism of 
nucleotide methylation in organisms 


containing thyX 


Tatiana V. Mishanina,* Liping Yu,” Kalani Karunaratne,' Dibyendu Mondal,* 
John M. Corcoran,’ Michael A. Choi,’ Amnon Kohen'+ 


In several human pathogens, thyX-encoded flavin-dependent thymidylate synthase 
(FDTS) catalyzes the last step in the biosynthesis of thymidylate, one of the four DNA 
nucleotides. ThyX is absent in humans, rendering FDTS an attractive antibiotic target; 
however, the lack of mechanistic understanding prohibits mechanism-based drug design. 
Here, we report trapping and characterization of two consecutive intermediates, which 
together with previous crystal structures indicate that the enzyme’s reduced flavin relays a 
methylene from the folate carrier to the nucleotide acceptor. Furthermore, these results 
corroborate an unprecedented activation of the nucleotide that involves no covalent 
modification but only electrostatic polarization by the enzyme’s active site. These findings 
indicate a mechanism that is very different from thymidylate biosynthesis in humans, 
underscoring the promise of FDTS as an antibiotic target. 


nzymes involved in DNA biosynthesis are 
primary targets of chemotherapeutic and 
antibiotic agents. One such enzyme is thy- 
midylate synthase, or TSase [Enzyme Com- 
mission (EC) number 2.1.1.45]. Encoded by 
the thyA gene (TYMS in humans), TSase pro- 
duces thymidylate (ATMP), a precursor of one 
of the DNA bases, thymine. TSase catalyzes the 
reductive methylation of the nucleotide deoxy- 
uridine monophosphate (dUMP) with the folate 
derivative CHjH,fol (Fig. 1). The reaction also 
produces dihydrofolate (H»fol), which is restored 
to tetrahydrofolate (H,fol) for reuse in catalysis 
by dihydrofolate reductase (DHFR). TSase is suc- 
cessfully targeted by drugs such as 5-fluorouracil 
and raltitrexed, and DHFR is the target of 
methotrexate and trimethoprim. 

However, in several human pathogens thymi- 
dylate formation is catalyzed by thyX-encoded 
flavin-dependent thymidylate synthase, or FDTS 
(EC 2.1.1.148), which carries out the functions of 
both TSase and DHFR (Fig. 1) (/, 2). Many patho- 
gens depend solely on thyX for thymine, includ- 
ing all Rickettsia (causing typhus, spotted fever, 
and other diseases). Pathogens containing both 
thyX and thyA, such as Mycobacterium tubercu- 
losis, can synthesize thymidylate through either 
pathway and often develop multidrug resistance. 
As multi- and extreme-drug resistance in these 
pathogens becomes more common, the addition 
of an FDTS inhibitor to the cocktail could prove 
essential for treatment. Further information 
regarding the prevalence of thyX gene in human 
pathogens, and its potential as a drug target, is 
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provided in the supplementary materials. Hitherto, 
no drugs are known to selectively inhibit FDTS, 
and the mechanistic intricacies necessary for the 
rational design of mechanism-based inhibitors 
are yet to be resolved. FDTS is genetically and 
structurally dissimilar not only from the canonical 
TSase and DHFR but from other flavoenzymes 
(3, 4). The current report provides a road map to 
better understanding of FDTS catalysis and to 
rational design of inhibitory drugs. 

To delineate the mechanism of FDTS catalysis, 
we report on the trapped reaction intermediates, 
that is, intermediate species that have been chem- 
ically modified by a reaction quencher (here, acid 
or base). Characterization of these trapped com- 
pounds suggested a unique nucleotide methyla- 
tion path. Our previous report on rapid-quenching 
experiments with Thermatoga maritima FDTS 
(TmFDTS) revealed a substantial accumulation 
of an acid-modified intermediate, identified as 
5-hydroxymethyl-dUMP (5). In the current study, 
we used a basic quencher to stop enzymatic turn- 
over and trap different derivatives of the inter- 
mediates. Indeed, with radiolabeled nucleotide, 
[2-“C]-dUMP, we observed a previously unknown 
radioactive species, distinct from the acid-modified 
5-hydroxymethyl-dUMP. The base-modified spe- 
cies was also observed with methylene-labeled 
folate, [11-"“C]-CH.H, fol, indicating that the nuc- 
leotide intermediate acquired the methylene be- 
fore being trapped by the base (fig. S1). 

The top panel in Fig. 2 shows the accumula- 
tion and decay of the base-trapped intermediate 
(blue) with [2-“C]-dUMP as a substrate. Upon 
base addition, dTMP product (black) is formed 
even though the flavin is in a reduced state be- 
fore the quencher’s addition (green stopped-flow 
trace). A comparison of the time course of the 
acid- and base-modified intermediate deriva- 
tives (Fig. 2, bottom) suggests that at least two 
different reaction intermediates (I, and I.) are 
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trapped in acid as 5-hydroxymethyl-dUMP. In 
base, I, is trapped in a different chemical form 
than in acid, and I, is converted to dTMP (see 
further discussion of this phenomenon in the 
supplementary materials). 

What is the base-modified intermediate? Its 
mass was determined to be [M-H] 705.1212 
daltons (fig. S2A). Tandem mass spectrometry 
(MS/MS) of the compound displayed a loss of 
320 daltons, corresponding to CH)-dUMP (fig. 
$2B), which accords with the “C found in this 
intermediate when using “C labeled (UMP or 
MCH,H,fol. Hence the [M-H] 385 ion, corre- 
sponding to the mass difference between the 
trapped species and CH,-dUMP moiety (fig. 


S2B), must have belonged to an adduct cova- 
lently linked to the trapped nucleotide. 

All FDTS mechanisms proposed heretofore 
(6-9) (e.g., fig. S3) postulate that the methylene is 
transferred directly from CH2H,fol to the nucle- 
otide, as in the TSase reaction (JO), and the ab- 
sorbance spectrum of the trapped intermediate 
(fig. S4) accords with folate absorbance. Conse- 
quently, the most logical candidate for the ad- 
duct was the pterin moiety of CH.H,fol. However, 
when using CH,H,fol radiolabeled at pterin or 
benzoyl moieties, we found no radioactivity in 
the base-modified intermediate, ruling out folate 
as a component of the base-trapped intermediate. 
Furthermore, the MS/MS ion of 385 daltons in 


the base-trapped intermediate did not match 
any buffer or protein constituents. 

The only remaining part of the quenched FDTS 
reaction that could have provided the mysterious 
adduct was a flavin adenine dinucleotide (FAD) 
derivative. To investigate, we turned to FDTS 
reconstituted with isotopically labeled FAD (11). 
FDTS reconstituted with FAD labeled at the ade- 
nine moiety yielded no labeled intermediate, but 
the reaction of [7a,8a-H]-FAD-FDTS produced a 
tritiated trapped intermediate (fig. S5B), indicat- 
ing that the labeled dimethylbenzene portion of 
isoalloxazine (fig. S5A) was a part of the trapped 
species. Additionally, when we used FDTS con- 
taining FAD uniformly labeled with °C and 


H Oo O H 
een N CH, HN iN i HN ZN N 
nie Gort ie TSase ny YT 6 DHFR Vr cs 
‘ oN ree ag, WN A ae i a 
O H,c4 . + is x O NA 59 (U4 NH 
CH,H,fol dUMP dTMP Hofol § NADPH NADP* yi fol 
Fig. 1. Reactions catalyzed by 
HN NN O O CH, HNN H TSase, DHFR, and FDTS. High- 
aa HN FDTS HN Y l H lighted are the reducing hydrogen 
nee 6 H a al 2 | HN & R' in the TSase reaction (red), methyl- 
a oO N / N e) N a 0 NX ene (purple), and nucleotide under 
O HoC—N. + R R O study (blue). R, 2'-deoxyribose-5’- 
NADPH NADPt phosphate; R’, (p-aminobenzoyl) 
CH>H,fol dUMP dTMP H, fol glutamate; NADP*, nicotinamide 
adenine dinucleotide phosphate; 
NADPH, reduced form of NADP*. 
Fig. 2. Oxidative half-reaction kinetics of FDTS. (Top) Base- 1.0 0.055 
quenched data (dots) globally fitted to a single-intermediate 
model (lines), overlaid with stopped-flow traces at 420 nm (flavin 0.8 
absorbance, Azo, in green) (6). Each time point was obtained 0.050 
from a radiogram like that shown in fig. S1A, with dUMP in red, 06 L 
dTMP in black, and intermediate in blue. (Bottom) Base-trapped 8 
intermediate kinetics (blue) overlaid with acid-trapped interme- 0.4 0.045 
diate data (red), globally fitted to a two-intermediate model (red : 
curves). The sum of the two intermediates is shown as a dotted 
0.2 0.040 


red curve. 
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5N at its dioxopyrimidine (ring “C” in fig. $5), 
that is, 6 daltons heavier than unlabeled FAD, 
the mass of the isolated trapped intermediate 
was heavier by only 2 daltons than that pro- 
duced by the unlabeled enzyme (fig. S2C). This 
finding suggests that only two labeled atoms 
of the dioxopyrimidine ring of the flavin are 
retained in the base-modified intermediate. 

Several nuclear magnetic resonance (NMR) 
experiments were performed to determine the 
structure of the base-trapped intermediate (Fig. 
3, figs. S6 and S7, and table S2). Critically, the 
methylene (U7) originating in the CH.H,fol had 
bonded to C5 of the dUMP moiety and coupled 
to FCd5a and FC4a of the degraded flavin in the 
NMR heteronuclear multiple-bond correlation 
(HMBC) spectrum (Fig. 3). These results and 
others presented in the supplementary mate- 
rials show that CH»H,fol-derived methylene 
bridges (UMP and degraded flavin, connect- 
ing C5 of dUMP and N5 of the decomposed 
isoalloxazine moiety. Other structural features 
of the base-trapped intermediate derivative are 
described in the supplementary materials. 

The presence of a covalent methylene bridge 
between dUMP and flavin indicates a previously 


unconsidered mechanism substantially different 
from earlier mechanisms (6, 7, 9) (fig. S3). This 
mechanism, given in Fig. 4 and fig. S8, postulates 
that N5 of the reduced flavin accepts the acti- 
vated methylene from the CH,H,fol Schiff base 
(step 1), and then passes it to C5 of the enzyme- 
polarized dUMP (steps 2 and 3). This mecha- 
nism agrees well with crystal structures of FDTS 
complexes with FAD, dUMP, and folates [Pro- 
tein Data Bank identifications (PDB IDs): 4GT9, 
4GTA, and 4GTB], in which the isoalloxazine 
moiety of FAD is sandwiched between the 
folate ring and uracil (8) (Fig. 4). Thus, whereas 
protein-bound flavins typically carry electrons 
from one side of the flavin ring to the other, the 
FAD of FDTS carries a methylene. 

The proposed intermediates I, and I, are 
modified in base to the compound identified in 
Fig. 3 and product, respectively. However, both 
are converted to 5-hydroxymethyl-dUMP in acid. 
The mechanisms of their degradation are dis- 
cussed in the supplementary materials and pres- 
ented in fig. S10. 

Why wasn't such a mechanism considered 
when the structure of FDTS complex with its 
substrates was solved in 2012 (8)? The reason 


duMP Tote OP a 
a O - 
U HNg * °| 7 NE 40a QOH Q-F\ 
O J2 46 So ee 2, 
ie a eae 
Ode oe 


Q 
40.0 peuue 
1 UC6/UH1’ 


| CoUHE ion UCoUnT 


60.0 


7 ~UC4/UH6 


7 1 
| & w-ovecasserrnenenssesreesmeeeesssssteoveaseesesoensssssessemmessesasstsooeenmnses tenneeseonssemnserens ston ot 0 
UC1'/UH6 


4 


100.0 


1 


120.0 


8.0 7.0 


SCIENCE sciencemag.org 


& seinen icine 


EeSalHZ6 8) { 


a 
UC6/UH7 


FC4a/UH7 49) 
Ties. 


FC2’/FH1’ 


UC5/UH7 @9) 


—FC9a/FH1’ 


5.0 4.0 


lies in reports of activity of FDTS reconstituted 
with 5-deaza-5-carba-FAD (henceforth 5-deaza- 
FAD) (7, 9). In 5-deaza-FAD, N5 of the flavin 
has been replaced with a carbon, which prohib- 
its several chemical conversions proposed in 
Fig. 4. The identification of the base-modified 
intermediate prompted us to revisit this find- 
ing. We synthesized 5-deaza-FAD and incorpo- 
rated it into apo-FDTS. In doing so, we found 
that the procedure used in the past for remov- 
ing FAD from holo-7mFDTS (salting out) (4, 9) 
leaves behind variable amounts of FAD, produc- 
ing the same level of (residual) activity in the 
salted-out “apoenzyme” as in 5-deaza-FAD- 
reconstituted FDTS. By denaturing the apo- 
enzyme with 8 M urea after salting out, completely 
removing FAD, then refolding and reconstitut- 
ing with either FAD or 5-deaza-FAD, we found 
no activity for the apoenzyme, fully recovered 
activity for FAD-reconstituted enzyme, and no 
activity for the enzyme reconstituted with 5-deaza- 
FAD (fig. S9). This indicates that 5-deaza-FAD- 
FDTS is actually not active at all (<10~° at the 
signal/noise limit, see supplementary mate- 
rials), removing the conceptual barrier for the 
mechanism proposed in Fig. 4. 


Fig. 3. Structure of the base-modified FDTS 
reaction intermediate. (Top) Structural compo- 
nents originating in dUMP (red) and CH2H,fol 
(black) are referred to as “U subunit” and the 
structural parts derived from FAD (blue) as “F 
subunit.” Atomic numbering in F subunit follows 
convention adapted from the original FAD (fig. 
S5A). (Bottom) Overlay of 'H/°C heteronuclear 
multiple-quantum coherence (black; red marks 
folded cross-peaks) and HMBC (green) spectra. 
The cross-peaks are labeled with the first letter 
representing the subunit (U or F). The cross-peaks 
of the HMBC spectrum circled in red unambiguous- 
ly establish that the CH2Hzfol-drived methylene 
(U7) bridges dUMP and flavin derivative. ppm, 
parts per million. 
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Fig. 4. Proposed chemical mechanism for FDTS. (Left) Methylene (CH2, 
purple) is transferred from the N5 of Hafol (green) via N5 of FAD cofactor 
(gold) to C5 of dUMP substrate (cyan). Oxygens are in red, nitrogens in blue, 
and the hydride transferred in step 4 in brown. The proposed steps of flavin 
oxidative half-reaction are numbered. |; (boxed) is the reaction intermediate 
that in base is converted to the compound presented in Fig. 3 and in acid 
undergoes water addition (fig. SIO and supplementary text). lo (boxed) refers to 
the intermediate that in base forms dTMP. and in acid reacts with water (fig. S10 
and supplementary text). The “420 nm absorbance” versus “colorless” labels of 
flavins relate the 420-nm time trace (green line in Fig. 2) to the mechanistic 


ah H oxidation ~p0 
¥ sox NH == 
es methylene 


® transfer 
to (UMP 


model. A rigorous electron-pushing description of this mechanism is presented 
in fig. S8. R, 2’-deoxyribose-5’-phosphate; R’, (p-aminobenzoyl)glutamate; and 
R”, adenosine-5’-pyrophosphate-ribityl. (Right) Active site of FDTS [PDB ID 
AGTA (8)] in complex with FAD, dUMP., and folinic acid, a stable analog of the 
activated CH2H,fol. For clarity, the carbonyl oxygen of folinic acid is not 
shown, and the structure is inversed to match the orientation of ligands in the 
left-hand structures. The formyl! carbon (magenta) on folinic acid represents the 
methylene to be transferred. Black arrows mark the methylene-transfer 
trajectory from donor (N5 of folate) to proposed relay atom (N5 of flavin) and 
final acceptor (C5 of dUMP). 


Flavin’s N5-mediated methylene transfer might 
be rare, but it has been proposed for TrmFO tRNA 
methyltransferase (12). However, in TrmFO the 
uracil is activated via Michael addition of active- 
site cysteine to C6 of the pyrimidine ring, and a 
second cysteine activates and delivers the meth- 
ylene to the flavin. In FDTSs, no such enzymatic 
nucleophile is available (7), and the cause of the 
uracil’s initial activation has been a matter of 
uncertainty. One hypothesis posits that the N5 
hydride of reduced FAD nucleophilically acti- 
vates dUMP (7) (fig. S3A), whereas another 
suggests that the enzyme polarizes the pyrimi- 
dine ring of dUMP for an attack on the CH2H,fol 
methylene (6, 9) without a Michael nucleophile 
(fig. S3B). The latter chemistry is unprecedented 
in nucleotide methylation, and the need for 
pyrimidine activation via Michael addition to 
its C6 has been emphasized in enzymatic and 
nonenzymatic systems (6). The only supporting 
pieces of evidence so far were the absence of deu- 
terated trapped intermediates (6) and ultraviolet- 
visible features consistent with those of reduced 
flavin [Fig. 2, green trace, and (5, 9)], but these 
observations can be rationalized by more con- 
ventional mechanisms (6). Such nucleotide ac- 
tivation was thus met with healthy skepticism. 

The current findings provide the strongest 
supporting evidence so far for pyrimidine acti- 
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vation via polarization in the reduced enzyme’s 
active center. Because the methylene-carrier role 
for flavin’s N5 proposed here (Fig. 4) requires 
FAD to be reduced during carbon transfer to 
dUMP, flavin oxidation during substrate activa- 
tion (fig. S3A) can be definitively ruled out. The 
mechanism proposed in Fig. 4 also agrees with 
the observation (7) that, when the 7mFDTS re- 
action is conducted in D,O at near-physiological 
temperatures, a deuterium is incorporated at C7 
of the dTMP product while some deuterium is 
found at C6 of the product at low temperature 
(fig. S8). 

The data presented above dictate a thymidylate 
biosynthesis mechanism (Fig. 4) in thyX-dependent 
human pathogens that is fundamentally differ- 
ent from that found in humans, lending hope for 
development of mechanism-based FDTS inhib- 
itors as a new class of nontoxic antibiotics (see 
supplementary materials). 
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IMMUNOLOGY 


Most microbe-specific naive CD4° 
T cells produce memory cells 


during infection 


Noah J. Tubo,’ Brian T. Fife,” Antonio J. Pagan,? Dmitri I. Kotov,* 


Michael F. Goldberg,* Marc K. Jenkins** 


Infection elicits CD4* memory T lymphocytes that participate in protective 
immunity. Although memory cells are the progeny of naive T cells, it is unclear 

that all naive cells from a polyclonal repertoire have memory cell potential. Using 

a single-cell adoptive transfer and spleen biopsy method, we found that in mice, 
essentially all microbe-specific naive cells produced memory cells during infection. 
Different clonal memory cell populations had different B cell or macrophage helper 
compositions that matched effector cell populations generated much earlier in the 
response. Thus, each microbe-specific naive CD4* T cell produces a distinctive ratio 
of effector cell types early in the immune response that is maintained as some cells 
in the clonal population become memory cells. 


nfection in vertebrates elicits CD4* memory 

T lymphocytes that participate in protective 

immunity (J, 2). The process begins when 

major histocompatibility complex class II 

(MHC I1-bound microbial peptides are 
displayed on host cells and recognized by T cell 
receptors (TCRs) on a few naive CD4* T cells 
from a vast repertoire. These cells proliferate and 
differentiate into distinct types of effector cells 
that help B cells or macrophages to eliminate the 
infection (3). About 90% of the cells then dis- 
appear, leaving a population of long-lived memory 
cells. Some naive CD4* T cells have been reported 
to make terminally differentiated effector cells, 
while others—perhaps those with the most avid 
TCRs (4, 5)—make memory cells (6). In contrast, 
other studies of one TCR showed that a single 
naive cell can make both effector and memory 
cells (7, 8). Thus, the contribution of all naive 
T cells in a polyclonal repertoire to the memory 
cell pool is unclear. 

We addressed this issue by determining the 
fates of many single cells from the repertoire of 
naive CD4* T cells specific for an MHC II (I-A)- 
bound peptide (LLOp) from the listeriolysin O 
protein of Listeria monocytogenes. Using I-A> 
tetramer-based cell enrichment and flow cytom- 
etry (9, 10), we confirmed that uninfected C57BL/6 
(B6) mice contained about 80 CD4* CD44!°v 
LLOp:I-A? tetramer-binding naive cells (Fig. 1A) 
(10). Seven days after intravenous infection with 
the attenuated ActA-deficient L. monocytogenes 
strain (referred to hereafter as L. monocytogenes), 
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these cells proliferated to produce about 200,000 
cp44"" effector cells (Fig. 1A) consisting of 
CXCR5~ PD-1° T helper 1 (Ty1) macrophage 
helpers (JO) and two kinds of B cell helpers: 
CXCR5* PD-1 T follicular helper (Ty;) cells and 
CXCR5** PD-1* germinal center Ty (GC-Ty) cells 
(11) (Fig. 1B). The number of LLOp:I-A° tetramer- 
binding cells then fell by about an order of 
magnitude 21 days after infection (JO), and the 
surviving cells were cp44nish memory cells of 
two types: CXCR5 PD-1" Ty1 effector memory 
cells and CXCR5* PD-1" Tyy-like central memory 
cells (Fig. 1B) (10). Thus, acute systemic infection 
with L. monocytogenes caused a naive T cell 
population to generate at least two long-lived 
memory cell populations that resemble earlier 
populations of effector cells. 

A limiting dilution adoptive transfer strategy 
was then used to study the progeny of single 
naive cells (12). CD4* T cells from eight different 
uninfected congenic strains expressing various 
combinations of CD45.1, CD45.2, CD90.1, or 
CD90.2 were transferred together into B6 mice 
(CD45.2/2 CD90.2/2) at a number expected to 
contain on average less than one LLOp:I-A° 
tetramer-binding naive T cell from each donor 
population. Recipient mice were then infected 
with L. monocytogenes, and 8 days later, LLOp:I-A? 
tetramer-enriched cells were stained with 
fluorochrome-labeled CD45.1, CD45.2, CD90.1, 
and CD90.2 antibodies and analyzed by flow 
cytometry. Cells expressing CD45.1 and/or CD45.2 
were identified in the LLOp:I-A° tetramer- 
binding population (Fig. 1C), and cells expressing 
CD90.1 and/or CD90.2 were then identified in 
those populations (Fig. 1D). 

This strategy identified nine different LLOp:I-A? 
tetramer-binding effector cell populations (Fig. 
1D), one derived from the naive cells of the re- 
cipients (CD45.2/2 CD90.2/2) and eight others 
from single cells from one of the donor popu- 
lations (Fig. 1D). Each of the eight donor cell- 


derived populations was detected in only 20 to 
75% of the recipient mice and thus had an 83 to 
98% chance of being derived from a single 
naive cell (73). The earlier finding that all the 
cells from donor-derived populations like these 
had the identical Tcrb-VDJ sequence supports 
this contention (12). 

The approach was then modified so that clonal 
effector and memory cells could be analyzed in 
the spleen from the same animal. This was ac- 
complished by surgical removal of part of the 
spleen for analysis of effector cells, followed by 
the other part several months later for analysis 
of memory cells. This strategy was possible be- 
cause more than 95% of secondary lymphoid 
organ-resident LLOp:I-A” tetramer-binding CD4* 
effector and memory T cells were in the spleen on 
days 8 and 62 after infection (Fig. 1E). In addition, 
limiting dilution transfer experiments revealed 
that clonal populations were in both halves of the 
spleen on day 8 after infection (Fig. IF) and the 
clonal cells in each half had similar Ty1, Tzy, and 
GC-T yy ratios (Fig. 1G). 

This strategy was then used to track the prog- 
eny of single naive CD4* T cells. Examples for 
two different recipient mice, each containing two 
donor-derived clonal populations (CD45.1/2 and 
CD45.1/1 for mouse 1; CD90.1/2 and CD90.1/1 for 
mouse 2), are shown in Fig. 2A. All four of these 
clonal effector cell populations generated mem- 
ory cells 60 days after infection. In this experi- 
ment, 73 different clonal effector cell populations 
ranging from 30 to 6000 cells and averaging 
about 500 cells were detected in 31 mice on day 8 
after infection (Fig. 2B). Sixty-seven of these pop- 
ulations (92%) yielded detectable memory cells 
on day 60 to 62. All but one of the clonal memory 
cell populations were smaller than their effector 
cell predecessor populations and on average had 
the same 15% survival rate as polyclonal cells of 
recipient origin but were more variable in this 
regard (Fig. 2C). Although large effector cell 
populations tended to have lower survival 
rates, as suggested in other studies (4), this 
weak trend was not statistically significant (Fig. 
2D). On the contrary, the six populations that 
did not produce detectable memory cells all con- 
tained fewer than 120 cells on day 8. Although 
this result may indicate that naive cells that 
produce few effector cells are less likely to make 
memory cells, it is possible that memory cells 
were produced from these small populations but 
fell below the limit of detection of the assay. 
Essentially identical results were obtained in a 
second set of experiments in which 87% (411 of 47) 
of day 8 clonal effector cell populations produced 
memory cells on day 30 after infection (fig. S1). 
Thus, although clonal effector cell populations 
undergo contraction, almost all produce mem- 
ory cells. 

The phenotypes of clonal LLOp:I-A° tetramer- 
binding T cell populations were also assessed. 
Different clonal populations had different num- 
bers and percentages of CXCR5- Tyl, CXCR5* 
PD-1" Tyy, and CXCR5** PD-1* GC-Tyy effector 
cells on day 8 (Fig. 3A and fig. S1), as previously 
described (12). The number of cells in each 
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population decreased by day 60 to 62, but the 
surviving memory populations had about the 
same percentages of CXCR5 and CXCR5*" cells 
as the parent effector cell populations (Fig. 3, A 


to C). However, CXCR5** PD-1* cells, which were 
present in many effector populations, were absent 
in memory cell populations, whereas CXCR5* 
PD-I cells were found at elevated frequencies 


(Fig. 3, A, C, and D). Adoptive transfer experi- 
ments demonstrated that all tetramer-binding 
and most tetramer-negative CXCR5** PD-1* ef- 
fector cells become CXCR5* PD-1 memory cells 
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(fig. $2), as previously reported (15, 16). Thus, 
after contracting, memory cells retain the phe- 
notype of their effector cell predecessors, except 
that CXCR5** PD-1* cells lose PD-1. 

We then examined the recall responses of 
clonal memory cell populations. Limiting num- 
bers of CD4* T cells from uninfected congenic 
strains were transferred into B6 mice, which 
were then infected with L. monocytogenes. Sixty- 
five donor-derived clonal LLOp:I-A? tetramer- 
binding memory cell populations, ranging from 
6 to 1010 cells and averaging about 40 cells, 
were detected by partial splenectomy and cell 
enrichment 60 days later (Fig. 4, A and B). 
Seven days after another L. monocytogenes in- 


fection, clonal memory cell populations ex- 
panded by a factor of about 15 (Fig. 4, A and 
B) to produce an average of about 600 effector 
cells (Fig. 4C), which tended to have the same 
CXCR5 phenotype as their memory cell pre- 
decessors (Fig. 4, C and D). Thus, clonal mem- 
ory cell populations expanded during a recall 
infection, albeit less well than naive cells, and 
produced effector cell subsets like themselves. 

These results indicate that essentially all naive 
T cells in a polyclonal repertoire that respond to 
a bacterial p:MHC II ligand by producing ef- 
fector cells also produce memory cells. Although 
we have evidence that the tetramer used here 


detects many of the T cells with TCRs specific for 


this ligand (17), it should be noted that some 
p:MHC II-specific T cells do not bind to the 
relevant tetramer, presumably due to expression 
of low-affinity TCRs (18). Thus, although all naive 
CD4* T cells with TCRs that bind p:MHC II 
tetramer can become memory cells, it remains to 
be seen whether this conclusion applies to any 
p:MHC I]-specific cells that do not. 

Although the nature of the TCR signal ex- 
perienced by individual naive clones could in- 
fluence their effector cell fate (12), the present 
results suggest that all TCRs can support mem- 
ory cell formation, although some may be better 
at it than others (4-6). The observation that a 
clonal memory cell population was very likely to 
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have the same helper cell subset ratio as its 
predecessor population is consistent with each 
effector cell in the population having the same 
chance of becoming a memory cell. This model is 
consistent with studies of CD8* T cells indicating 
that memory cells arise from the effector cell 
pool by a TCR-independent stochastic process 
(14, 19-21). 

Our finding that a clonal CD4* memory T cell 
population tended to produce an effector cell 
population with the same subset composition 
after recall suggests that a CKCR5° memory cell 
produces CXCR5 effector cells and that a CXCR5* 
memory cell produces CXCR5* effector cells. 
Thus, although we (0) and others (15) have found 
that bulk CXCR5* memory cells can produce 
CXCR5 and CXCR5" effector cells, the present 
results fit the suggestion that both CXCR5* and 
CXCR5 cells are relatively lineage-committed 
(15). An advantage of this process is that the 
helper cell subset diversity of the effector cell 
pool is carried into the memory cell pool and 
retained thereafter. 


REFERENCES AND NOTES 


1. R. Ahmed, D. Gray, Science 272, 54-60 (1996). 

2. S.C. Jameson, D. Masopust, Immunity 31, 859-871 
(2009). 

3. M. Pepper, M. K. Jenkins, Nat. Immunol. 12, 467-471 
(2011). 

4. C. Kim, T. Wilson, K. F. Fischer, M. A. Williams, Immunity 39, 
508-520 (2013). 

5. M.A. Williams, E. V. Ravkov, M. J. Bevan, Immunity 28, 
533-545 (2008). 

6. P. A. Savage, J. J. Boniface, M. M. Davis, Immunity 10, 
485-492 (1999). 

7. C. Stemberger et al., Immunity 27, 985-997 (2007). 

8. C. Gerlach et al., J. Exp. Med. 207, 1235-1246 
(2010). 

9. J. J. Moon et al., Immunity 27, 203-213 (2007). 

0. M. Pepper, A. J. Pagan, B. Z. Igyartd, J. J. Taylor, 
M. K. Jenkins, Immunity 35, 583-595 (2011). 

1. S. Crotty, Annu. Rev. Immunol. 29, 621-663 
(2011). 

2. N. J. Tubo et al., Cell 153, 785-796 (2013). 

3. C. Taswell, J. Immunol. 126, 1614-1619 (1981). 

4. V. R. Buchholz et al., Science 340, 630-635 (2013). 

5. J. S. Hale et al., Immunity 38, 805-817 (2013). 

6. 

7 

8. 


. K. Liithje et al., Nat. Immunol. 13, 491-498 (2012). 

. R. W. Nelson et al., Immunity 42, 95-107 (2015). 

. R. J. Martinez, B. D. Evavold, Front. Immunol. 6, 468 
(2015). 
9. J. N. Blattman, D. J. Sourdive, K. Murali-Krishna, 

R. Ahmed, J. D. Altman, J. Immunol. 165, 6081-6090 
(2000). 
20. C. Gerlach et al., Science 340, 635-639 (2013). 
21. P. Graef et al., Immunity 41, 116-126 (2014). 


ACKNOWLEDGMENTS 


We thank S. Jameson and D. Masopust for critical discussions 
and reading the manuscript and J. Walter for help with mouse 
breeding and screening. The data presented in this manuscript 
are tabulated in the main paper and in the supplementary 
materials. Supported by NIH grants RO1 Al039614 (M.K.J.), 
RO1 AI106791 (B.T.F.), and F32 AlL07995 (N.J.T.). 


oO 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/351/6272/511/suppl/DC1 
Materials and Methods 

Figs. Sl and S2 

References (22, 23) 


17 July 2015; accepted 23 December 2015 
10.1126/science.aad0483 


514 29 JANUARY 2016 + VOL 351 ISSUE 6272 


SEX CHROMOSOME 


Two genes substitute for the mouse 
Y chromosome for spermatogenesis 


and reproduction 


Yasuhiro Yamauchi,’ Jonathan M. Riel,’* Victor A. Ruthig,’* Eglé A. Ortega,’ 


Michael J. Mitchell,” Monika A. Ward’+ 


The mammalian Y chromosome is considered a symbol of maleness, as it encodes 

a gene driving male sex determination, Sry, as well as a battery of other genes 

important for male reproduction. We previously demonstrated in the mouse 

that successful assisted reproduction can be achieved when the Y gene contribution 

is limited to only two genes, Sry and spermatogonial proliferation factor Eif2s3y. 

Here, we replaced Sry by transgenic activation of its downstream target Sox9, and Eif2s3y, 
by transgenic overexpression of its X chromosome-encoded homolog Ejif2s3x. The 
resulting males with no Y chromosome genes produced haploid male gametes and sired 
offspring after assisted reproduction. Our findings support the existence of functional redundancy 
between the Y chromosome genes and their homologs encoded on other chromosomes. 


any sexual characteristics are influenced 

by sex chromosome constitution, with 

mammalian females typically carrying XX 

and males XY. We recently reported that 

in the mouse, only two Y-chromosome 
genes—testis-determinant Sry and spermatogonial 
proliferation factor Ei/2s3y—are needed for suc- 
cessful assisted reproduction (7). Here, we asked 
if these two genes could be replaced by trans- 
genic activation of their homologs encoded on 
other chromosomes. 

For Sry replacement, we chose Sox9 (Sry- 
related high-mobility-group box gene 9), a di- 
rect target of SRY (2). Prior work showed that 
transgenic overexpression of Sox9 driven by the 
Wt promoter results in female-to-male sex re- 
versal in XX mice (3). We placed the WtI-Sox9 
transgene in the context of a single X chromo- 
some carrying the Fi/2s3y transgene (fig. S1A) 
(4) and found that it generated males (X“OS0x9). 
In these males, the Y-chromosome gene contribu- 
tion is limited to Ei/2s3y (table S1). 

XOSry males, which carry an autosomally en- 
coded Sry transgene, develop testes containing 
spermatogonia that are unable to proliferate, 
which results in seminiferous tubules appearing 
empty when compared with those from males 
with an intact Y chromosome (XY) (Fig. 1, A and 
B). This defect can be overcome by transgenic 
Eif2s3y addition to the X chromosome (X“OSry) 
(table S1 and fig. S4A) (J, 5). To replace Ej/2s3y, 
we transgenically overexpressed its X chromosome- 
encoded homolog, Fif2s3x (fig. S2). We then placed 
the Hif2s3x transgene in the context of XOSry 
(fig. SIB and supplementary text). The result- 
ing XOSry,Eif2s3x males (carrying autosomally 
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encoded Sry and Eif2s3x transgenes) had the 
Y-chromosome contribution limited to Sry (table S1). 

X“OSox9 and XOSry,Eif2s3x males had small 
testes (fig. S3), but spermatogenesis was ini- 
tiated and progressed through meiosis and ar- 
rested at the round spermatid stage (fig. S4, B 
and C). Spermatogonia/Sertoli ratios in X“OS0x9 
and XOSry,Ei/2s3x and spermatid/Sertoli ratio 
in X“OSox9 were comparable to X“OSry but 
lower than those in XY (Fig. 1, D and E). Round 
spermatids in XOSry,Ei/2s3x were dramatical- 
ly depleted; X“OSry and XY had 10 and 88 times 
as many, respectively (Fig. 1E and table S2). The 
spermatids from both X“OSox9 and XOSry,Ey2s3x 
males were functional in assisted fertilization, 
and live offspring were obtained after embryo 
transfer (Table 1). 

We next tested whether spermatogenesis can 
take place in males with a complete absence of 
Y-chromosome genes. We used the same trans- 
genes that were successful in single-Y gene sub- 
stitutions (Wt1-Sox9 and Eif2s3x Tg1) to generate 
mice transgenic for Sox9 and Ei/2s3xz in the XO 
context (XOS0v9,Ei/2s3x) (fig. SIC and table S1) 
The majority (35 out of 48) of XOSo0x9,Eif2s3x 
males had testicular defects and essentially no 
germ cells (fig. S5 and supplementary text). In 
the remaining males, spermatogonial prolifera- 
tion arrest was overcome (Fig. 1C and fig. S5), 
and spermatogenesis progression was compa- 
rable to that of XOSry,Eif2s3x (Fig. 1, D and E, 
and table S2). Using assisted reproduction [round 
spermatid injection (ROSI)], we injected oocytes 
with spermatids from 13 males and obtained 
zygotes with two well-developed pronuclei and 
normal two-cell embryos (fig. S6, A to C, and 
movie S1). Embryos from 11 males were used for 
transfer. Ten resulted in pregnancy, and nine yielded 
offspring (Table 1). Among the males that yielded 
progeny, there were Fj, Fy, and F; generation 
XOS0x9,Eif2s3x ROSI males (fig. S6D). ROSI 
offspring from males with one or no Y-chromosome 
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Fig. 1. Testis histology analysis. Tubules of periodic 
acid—-Schiff-hematoxylin-stained sections of testis 
from XY (A), XOSry (B), and XOSox9,Eif2s3x (C) males. 
XY have normal spermatogenesis with expected 
germ cell types present, including step 16 sperma- 
tids [inset (A)]. XOSry have spermatogonial prolif- 
eration arrest, resulting in tubules lacking germ 
cells except for occasional normal [inset (B)] and 
abnormal (*) spermatogonia. XOSox9,Eif2s3x have 
meiotic and postmeiotic arrests that occasionally 


D 1.0 E allow formation of round spermatids [insets (C)], 
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Table 1. The results of ROSI with spermatids from males with a single or no Y-chromosome genes. Column heads 2 to 4: Males with round spermatids 
identifiable in live testicular cell suspension out of males examined. Males yielding progeny out of the number of males that yielded embryos used for embryo 
transfer and induced pregnancy. Live offspring as a percentage of embryos transferred. Statistical significance (Fisher’s exact test, P < 0.05): “Different from 


all others. 


Male genotype 


Y gene contribution 


Males with round spermatids 
(%) (no.) 


80 (8/10) 


27 (13/48)° 


Li ffspri 
Males yielding progeny o 6 on 
7/8 15.7 (18/115) 


X-OSox9 Fif2s3y 
x 

XOSox9, Eif2s3x 

XY control Intact Y 


genes were all normal and healthy (figs. S7 to S9 
and supplementary text). 

The quantification of Eif2s3a/y transcripts 
in males transgenic for Hif2s3y or Eif2s3x re- 
vealed a correlation between spermatogenesis 
progression and Fif2s3x/y expression level (Fig. 
2, figs. S10 to S12, and supplementary text). All 
transgenic males had their respective transgene 
transcript levels elevated when compared with 
XY (Fig. 2, A and B). Compared with Eif2s3x 
transgenic males, Fif2s3y transgenic males showed 
higher Eif2s3x/y transcript levels (Fig. 2C) and 
increased incidence of round spermatids (Fig. 1E). 
When spermatogenesis and Fif2s3x expression 
were examined in XOSry,Eif2s3x males with 
varying numbers of Eif2s3x transgene copies, 
one (Tg2 and Tg6) and four (Tg1), no differences 
in spermatogonia/Sertoli cell ratio were observed, 
but round spermatids were found only in Tg1 
males, in which Hif2s3z transcript levels are 2.4: 
to 2.9 times those in Tg2 and Tg6 males (Fig. 2, 
D to F, and fig. S4, D to G). 

We have shown that a male mouse without 
any Y-chromosome genes but with transgenically 
activated Sox9 and Fif2s3x can generate haploid 
gametes and father offspring with the help of 
assisted fertilization. Sox9 is not unique in being 
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able to take over the Sry function in sex deter- 
mination. Manipulation of expression of other 
genes can lead to sex-fate change [reviewed in 
(6-8)]. A surrogate sex-determination mecha- 
nism can also be activated without human input, 
as shown by two rodent species that lost the Y 
chromosome and Sry (9, 10). 

Eif2s3y and Eif2s3x represent a typical, for- 
merly autosomal, single-copy, X-Y homologous 
gene pair and were hypothesized to have inter- 
changeable function (J, 5). Our data support this 
hypothesis: A single additional copy of Eif2s3x 
can functionally replace Hif2s3y in spermato- 
genesis initiation. For progression through meio- 
sis, however, at least four Eif2s3x transgene copies 
are necessary, and the number of global Eif2s3a/y 
transcripts must reach a certain threshold. Our 
data also suggest that Hif2s3a/y may play roles 
in gonad formation. We observed severe abnor- 
malities of mature testes, indicative of impaired 
gonadal development, in XOSowx9,Eif2s3x but 
not X“OSox9 males. Because the global Eif2s32/y 
expression is lower in the former, this suggests 
that a critical level of Eif2s3x/y may be required 
for efficient testis differentiation. 

Our data support a model where Fif2s3y and 
Eif2s3x are functionally interchangeable in sper- 


6/6 25.0 (22/88) 


matogenesis, but each homolog has evolved a 
distinct expression level. Eif2s3y transcript amounts 
are ~5 to 7 times those in premeiotic and meiotic 
cells (12), which explains why the addition of one 
Eif2s3x transgene copy could not replace the 
function of endogenous E72s3y in driving sper- 
matogenesis through meiosis. Our finding that 
a single Ei/2s3x transgene copy was sufficient to 
substitute for Ei/2s3y in overcoming spermato- 
gonial proliferation arrest suggests that the strong 
Ejf2s3y expression in spermatogonia is required 
for the subsequent meiotic stages but not for 
mitotic proliferation. Our observations contradict 
the accepted dogma of X-Y gene pairs evolving 
by decay on the Y chromosome and compensa- 
tion on the X chromosome (12), because here, 
it is a beneficial overexpression of the Y gene 
Eif2s3y and not its X homolog that appears to 
have evolved to meet the needs of spermato- 
genesis. This might be the result of a selective 
advantage during oogenesis for reduced Ei/2s3x 
levels or a selection for male germ cell beneficial 
effects on the Y chromosome. 

It is generally believed that widely expressed 
genes on the human Y chromosome with X homo- 
logs that escape X inactivation are dosage-sensitive 
(13). Dosage sensitivity explains why genes are 
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Fig. 2. Relation between Eif2s3x/y expression and spermatogenesis progression. (A to C) Transcript levels of endogenous and transgenic sper- 
matogonial proliferation factors quantified by real-time polymerase chain reaction with Actb as a loading control and XY serving as reference control. 
(D to F) Analysis of spermatogenesis progression (D and E) and Eif2s3x expression (F) in XOSry,Eif2s3x males with 4 (Tgl) and 1 (Tg2 and Tg6) Eif2s3x 


transgene copies. Means + SEM, with n under the x axis; bars with different letters are statistically different (t test, P < 0.05). 


conserved on the Y chromosome: A certain com- 
bined X-Y dose is critical at certain stages in cer- 
tain tissues, and the X-gene dose cannot simply 
be increased globally to compensate for the loss 
of the Y gene because this would have detrimen- 
tal effects in females. To lose the Y gene safely, 
the X gene, or the genome, or the developmental 
systems must adapt. Possible strategies might 
include incremental increases in X-gene dosage, 
relaxing constraints on dose-sensing, or retro- 
genes (14). The mouse Ei/2s3a/y gene pair is not 
sensitive to overexpression; substantial elevation 
of Eif2s3y (5) or Eif2s3x in the XY context (this 
study) has no obvious somatic effects, nor does it 
affect spermatogenesis and fertility. These find- 
ings suggest that dosage sensitivity may appear 
mainly in association with underexpression and/ 
or may vary between different X-Y gene pairs. 
Altogether, our analyses of the Ei/2s3x/y gene 
pair support their importance for spermatogen- 
esis. It will now be imperative to explore the 
mechanisms whereby E7/2s3x/y factors exert their 
functions during testicular development and sper- 
matogenesis. Our work also paves the way and 
prompts future evaluations of other ancestral 
X-Y gene pairs to clarify the dosage requirements 
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for spermatogenesis and beyond. Finally, our dem- 
onstration that offspring can be obtained from 
males with no Y-chromosome genes shows that for 
assisted reproduction in the mouse, the Y chromo- 
some is no longer necessary. However, there is 
extensive evidence from both phenotype charac- 
terization (15-17) and genomic analyses (13, 14, 18) 
unequivocally supporting the importance of 
Y-chromosome genes for normal, unassisted fer- 
tilization. So, although our data demonstrate that 
it is possible to bypass the requirement for the 
Y chromosome in male assisted reproduction, 
the Y clearly remains the genetic determinant of 
full natural masculinity. 
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applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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ASSOCIATE SCIENTIST/ASSISTANT PROFESSOR 

CHILDREN’S HEALTH RESEARCH CENTER, SANFORD RESEARCH 
The Children’s Health Research Center (CHRC, Sioux Falls, SD http://www.sanfordresearch.org/ 
researchcenters/childrenshealth/), invites applications from researchers for full time faculty at 
the rank of Associate Scientist within Sanford Research (http://www.sanfordresearch.org/) with 
commensurate rank of Assistant Professor in the Department of Pediatrics of the Sanford School of 
Medicine at The University of South Dakota. An historic $400 million gift by philanthropist Denny 
Sanford has allowed for expansion of Sanford Research and development of the CHRC, an energetic 
and collegial research community focused on pediatric research. 


We seek outstanding scientists with research programs on the underlying mechanisms and/or treatment 
of congenital defects, developmental disorders, pediatric diseases and regenerative cellular therapies. 
Applicants should hold a PhD, MD or MD/PhD degree and complement the existing strengths and 
the interdisciplinary and collaborative nature of the CHRC. Additionally, Physician Scientists are 


encouraged to apply. Candidates will be expected to develop independent research programs and 
secure extramural funding. 


Significant institutional support, including modern laboratory space and state-of-the-art facilities, 
will be provided at the Sanford Center. In addition, a comprehensive compensation package will be 
tailored to the individual’s qualifications. 


Sanford Health is an Equal Opportunity/Affirmative Action Employer. Candidates should submit 
a single PDF including a detailed curriculum vitae, description of research experience and future 
research plans with specific details on the relevance of their research to pediatric research. Candidates 
should also submit at least three letters of recommendation. Incomplete candidate packages will 
not be accepted. 


All application materials should be sent by email to: 
Faculty Recruitment Committee; Chairs: Drs. Kyle Roux, Jill Weimer and Kurt Griffin 
Children’s Health Research Center at Sanford Research 
and Department of Pediatrics at Sanford School of Medicine of The University of South Dakota 
2301 E. 60° Street North, Sioux Falls, SD 57104 
Telephone: 605-312-6004 
Email: researchrecruitment@sanfordhealth.org 


FACULTY POSITIONS 


COLUMBUS STATE UNIVERSITY Advance 
ASSISTANT PROFESSOR POSITION 

Columbus State University Department of Biology your career 
in Columbus, GA invites applications for a tenure- with expe rt 
track position as an organismic biologist at the rank of : 
Assistant Professor to begin in August 2016. Teaching advice from 
duties include undergraduate courses in anatomy and ; 
physiology, organismic biology, and animal physiology Science 
with the expectation to develop additional under- Careers. 


graduate and graduate courses in the candidate’s area 
of specialty. The candidate is expected to establish an 
active research program, advise undergraduate and 
graduate students, and provide professional service to 
the university and the community. For details and to 
apply visit website: https://columbusstate.peopleadmin. 
com/. Review of applications will begin immediately 
will continue until the position is filled. Find more in- 
formation about the department at website: https:// 
bio.columbusstate.edu. 
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Responsibly 
conducting 
research 


High-profile retractions of papers for falsification, misrep- 
resentation, and dishonest reviews are a blow to science. 
They add urgency to ongoing campaigns for responsible 
conduct of research (RCR). RCR is every scientist’s obliga- 
tion, say researchers who have made RCR part of their 
scholarship. To promote high-quality science with lasting 
impact, these experts recommend individual actions and 
institutional policies that will create a culture of RCR. By 
Chris Tachibana 


utright scientific fraud is fortunately rare. More 
pervasive and arguably more damaging to sci- 
ence is hastily conducted, poorly reported, 
irreproducible research. To combat this problem, 
prominent organizations have launched campaigns to raise 
awareness about it, explore its root causes, and promote 
RCR resources. For example, Science helped develop the 
Transparency and Openness Promotion (TOP) guidelines. 
The American Society for Cell Biology is behind the draft 
of the San Francisco Declaration on Research Assessment 
(DORA). An international initiative has formed the Enhancing 
the QUAlity and Transparency Of health Research (EQUA- 
TOR) Network. And an initiative from The Lancet is fighting 
waste in biomedical research. 

These and other programs address an expanding 
catalog of RCR issues. The list of topics is overwhelming. 
It includes validation of reagents, secure and transparent 
data handling, full reporting of studies including negative 
results, proper assignment of authorship, and open access 
to publications. But we can meet these challenges, say 
researchers with years of RCR experience, if we all take 


Upcoming Features 
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steps to promote best research and publication practices. 
We should start with our own work, then encourage 
trainees, peers, and our institution. 


Create a responsible culture 

It all begins with attitude, says Virginia Barbour, chair 
of the Committee on Publication Ethics (COPE). “The 
bottom line,” she says, “is that the culture of the group 
and the institution determines how people conduct their 
research.” From the moment you walk into the lab, she 
says, practice transparency: “Expect that everything you 
do is public. Make sure that other people can look at your 
work and know exactly what you did.” Leaders promote 
transparency by regularly communicating with junior 
researchers, encouraging open discussions throughout 


the group, and taking RCR policies 
seriously. For example, Australia, where ry P 
‘< 

' al 

EE 


Barbour resides, follows the Australian 

Code for the Responsible Conduct of 

Research. Once you have that culture 

in place, says Barbour, layer on specific 

elements such as data management, , 
recordkeeping, and publication plans. Virginia Barbour 

Preparation is important. “Before you 
start experiments,” says Barbour, “think about how you will 
manage your data, notebook, images, and analysis soft- 
ware associated with the project.” Authorship is one of the 
biggest challenges that COPE deals with, Barbour says, 
and should also be addressed at the beginning of a study. 
Be clear about the contribution of each person considered 
for authorship and remember to credit junior researchers. 
“You and your collaborators might not agree in the begin- 
ning about who will be authors and their order,” she says, 
“but at least agree on the process of deciding authorship.” 
This initial investment will pay off when you write up results. 
When protocols and procedures are in place from the be- 
ginning, accurate reporting at the end is easier. 

Barbour was a founding editor of the open-access jour- 
nal PLOS Medicine and is now executive officer for the 
Australasian Open Access Support Group. Researchers 
understand that open access promotes equity by making 
results available to all scientists and showing taxpayers the 
products of public funding, says Barbour. However, early 
career researchers in particular can feel torn between the 
demand for publications in certain journals and the open 
access publication model. 

To increase the accessibility of scientific publications, 
many funding agencies now require articles to be pub- 
licly archived, for example in PubMed Central. Australian 
funders demand at least deposition of the author-accepted 
manuscript in an institutional repository. Some universities, 
including Harvard and the University of California San Fran- 
cisco, have policies and repositories for this purpose. These 
are all steps toward recognizing and rewarding high-quality 
science that is clearly documented and can be validated 
and verified, says Barbour: “Research that is done well and 
reported well. That’s what we should be aiming for.” cont.> 
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behavior. Wanting to be 


— loanna Semendeferi 
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“Just knowing RCR 
rules does not 
guarantee ethical 


ethical is the key.” 


Semendeferi (left) and Pavlidis 


Keep up with RCR developments 

Maintaining a culture of responsible research means 
keeping an eye on evolving RCR issues. Francis Macrina, 
vice president for research and innovation at Virginia 
Commonwealth University (VCU), has tracked RCR 
changes since he started an RCR course in the 1980s, 
before the National Institutes of Health and other funders 
began requiring ethics instruction for many trainees. He 
still teaches the course, and his experience and case 
studies are collected in his textbook on scientific integrity. 
Macrina has seen RCR grow to include a focus on data 
transparency, treatment, and storage; verification of cell 
lines, antibodies, and other reagents; parameters for 
working with the media; and the expansion of publication 
guidelines including “dual-use” biosecurity reporting for 
results that might be used for weapons development. 
Referring to the TOP Guidelines, he says, “We'll also 
probably see these entering practice incrementally.” 

To get an overview of current RCR requirements and is- 
sues in your field, Macrina suggests starting with journal au- 
thor instructions. COPE and the International Committee of 
Medical Journal Editors have general publishing guidelines. 
Discipline-specific information is available from professional 
organizations such as the Society for Neuroscience and the 
American Chemical Society. 

Macrina’s office at VCU oversees industry collaborations, 
which raise additional RCR considerations. Examples in- 
clude how long a company can delay manuscript submis- 
sion for intellectual property review and whether students 
should work on industry-sponsored projects. “VCU has a 
corporate-sponsored research policy,” Macrina says, so 
academic scientists thinking about an industry partnership 
should check with their technology transfer or commercial- 
ization center about similar documents. Experts at these 
centers can provide background, guidance, and advocacy 
in developing partnership agreements. 

Companies want to collaborate with scientists who apply 
best practices because RCR is critical to the science-based 
industry, says Christopher J. Roberts, associate director 
of computational biology at Biogen Idec. When developing 
a drug or device, he explains, everything has to be abso- 
lutely dependable. “If you can’t replicate something or get 
reliable results from a preclinical assay that you’ll be running 
repeatedly,” he says, “you’ll never get a drug that works in 
the clinical phase.” Companies also understand that peer- 
reviewed articles are important for the career development 
of their own scientists and their university collaborators, so 
many have established publication policies. However, the 


closer you get to a product, Roberts says, the more con- 
straints you’ll find on publishing. This is why, for university 
collaborations, Roberts says, “We set up legal agreements 
in advance that spell out intellectual property consider- 
ations and a publication strategy and timeline.” 


Train new scientists in RCR 

To achieve the aim of a ubiquitous culture of RCR, early 
career researchers need to be trained in RCR principles. 
Scientists have always learned their craft from mentors, but 
the faster pace and increased complexity of research now 
demands more formal training in best practices. A com- 
prehensive, multimethod, history-based approach to RCR 
training is underway at the University of Houston. Associate 
Instructional and Research Professor loanna Semendeferi 
of the Department of Physics led development of a three- 
credit course with validated evaluation methods supported 
by the National Science Foundation. The core principle of 
the course is that best practices follow when scientists in- 
ternalize ethical values. “Just knowing RCR rules does not 
guarantee ethical behavior,” says Semendeferi. “Wanting to 
be ethical is the key.” 

loannis Pavlidis, Computational Physiology Lab director, 
co-teaches the course and helped develop it. “Semende- 
feri’s approach is [to] lecture with visual elements like mov- 
ies and documentaries that add emotional richness and 
cultivate empathy,” he says. Course activities include in- 
class debates, a peer-review exercise supervised by a se- 
nior scientist, observing research with animals and human 
participants, and interpreting science ethics commentaries 
in national newspapers. The project also organizes a public 
seminar series on science history and ethics. 

Semendeferi and Pavlidis recommend general science 
ethics courses that mix students from engineering, 
humanities, and social and natural sciences. “Everyone 
coming together is an education by itself,” says 
Semendeferi. She says that hearing different viewpoints 
makes students aware of the decisions involved in doing 
ethical science and of their personal responsibility for 
their work. Stephanie Watts, professor of pharmacology 
and toxicology and assistant dean of the graduate school 
at Michigan State University (MSU), has had the same 
experience in a workshop series she coordinates that 
takes a practical approach to RCR issues. Watts says 
when students from multiple disciplines and countries hold 
discussions, they often spontaneously raise questions 
about expectations and norms in other fields and cultures. 
Examples are honorary authorship, which might be 
expected in some countries but against journal guidelines, 
or an engineer’s impulse to precisely duplicate published 
text about methods, which can result in self-plagiarism. “We 
recognize that different parts of the world have different 
rules,” says Watts, “So we talk about having conversations 
at the beginning of a collaboration about data sharing, 
authorship, and other publication issues. We talk about how 
plagiarism is stealing someone else’s work, and no society 
allows stealing.” 

Watts and Pavlidis say teaching RCR has influenced their 
own research. “Reading and thinking about these issues 
has made me a better mentor,” says Watts. “I talk cont.> 
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Make KAUST 
Your Destination 


KAUST is an international 
graduate-level research university 
located on the shores of the Red 
Sea. All admitted students receive 
the benefits of the KAUST 
Fellowship, which includes: 


Full tuition support 
Competitive monthly 
living allowance 
Private medical and 
dental coverage 

f Housing 
Relocation support 


www.kaust.edu.sa #destinationKAUST 


JIL 


Stockholms lans 
landsting 


Center for Innovative Medicine (CIMED) at 
Karolinska Institutet South Campus supported by 
the Stockholm County Council (SLL), announces 
5-year Junior and Senior Investigator grants 
in medical research and innovation involving 
basic, translational or clinical research. 


For more information please visit: 
cimed.ki.se 


The closing date for applications is: 
April 4th 2016 


REQUIR 

BOLD ACTIONS. 
We believe in the relentless 
pursuit of big ideas. In thinking 
ahead of the curve. We believe 
in individual strength and the 
power of collaboration. And 

in making tomorrow what we 
dream it can be. We believe in 


advancing the common good 
with uncommon will. 


MSU’s Global Impact Initiative is a bold 
endeavor designed to accelerate the pace 
of discovery through the creation of more 
than 100 new faculty positions in some of 
the most promising—and critical—fields 
of research, including energy, health, 
education, the environment, national 
security, and global development. Join us. 


SPARTANS WILL. 


msu.edu/globalimpact 
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Featured Participants 


Australasian Open Access 
Support Group 
aoasg.org.au 


Biogen Idec 
www.biogen.com 


Michigan State University 
www.msu.edu 


University of Houston 
www.uh.edu 


Virginia Commonwealth 
University 
www.vcu.edu 


Additional Resources 


Australian Code for the 
Responsible Conduct of 
Research 
www.nhmrc.gov.au/ 
guidelines-publications/r39 


Committee on Publication 
Ethics (COPE) 
publicationethics.org/ 
resources/guidelines 


Enhancing the QUAlity 
and Transparency 

Of health Research 
(EQUATOR) Network 
www.equator-network.org 


International Committee 
of Medical Journal Editors 
(ICMJE) 

www.icmje.org/ 
recommendations 


San Francisco Declaration 
on Research Assessment 
(DORA) 

am.ascb.org/dora 


Transparency and 
Openness Promotion 
(TOP) Guidelines 


cos.io/top 
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with lab members often so | know what they’re doing. | see 
raw data from the start to the end of a project and we all 
interrogate each other in lab meetings about how we got 
our data and what they mean.” Watts says keeping close 
track of everyone’s work is just part of her job. “I tell them 
it’s not because | don’t trust them but to make sure we 
agree on the approach and what we see in the data. It’s an 
RCR issue.” 

Teaching RCR has also affected Pavlidis’s research on 
methods to measure physiological variables, such as for 
sleep, exercise, and dexterity. “We handle a lot of data,” 
he says, “so we try to be transparent about it.” For a 
project on measuring drivers’ responses under stress, 
data are posted online as they accumulate. “Open data 
sharing lets everyone trace our conclusions from A to Z,” 
he says. His group practices team science, cultivating a 
culture of mutual respect and credit sharing that recognizes 
both intellectual and technical contributions. Everyone 
understands the arrangement from the beginning, he says: 
For a given project, technical contributors get first credit 
in methods papers, while theoretical publications highlight 
other team members. 


Promote RCR in departments and institutions 
Formal courses mean that students, postdocs, and 
faculty who teach RCR are well versed in current issues 
in best research practices. For senior faculty educated 
before RCR training requirements came about, Watts says 
getting involved in an RCR course is a good introduction 
and can be fun. For the MSU workshops, Watts recruits 
colleagues as speakers, and students choose faculty 
members to be their research integrity consultants—their 
sounding board for RCR discussions. At VCU, Macrina 
recruits two or three faculty members per session to facili- 
tate case discussions and gives them a one-hour training 


session on the basics of the 
course material. 

However, even this time com- 
mitment might seem like a bur- 
den to overworked faculty. Watts 
leads her own research group, so 
she sympathizes with scientists 
who say they already spend up 
to 40 percent of their time on reg- 
ulatory work. To handle the pa- 
perwork, she recommends taking 
advantage of institutional offices 
that help with Institutional Review 
Board proposals and radiation safety requirements, for 
example. But for scientists to stay motivated in the face of 
increasing regulations, widespread changes in culture and 
attitudes are needed. When Watts feels overwhelmed by 
regulations, she tells herself: “It’s a privilege to have a lab 
and I’m lucky to be doing this work supported by taxpayer 
dollars. You want to do your science right, so your col- 
leagues trust your work and you trust theirs.” 

Macrina agrees, and he questions the value of data that 
can’t be reproduced. Although every new requirement 
adds bureaucracy, he says, “It’s all about public trust.” 
Trust is critical for the reputation of the researcher, the 
institution, and science in general. “It sounds like a cli- 
ché,” he says, “but if we want research to have an impact, 
people need to trust researchers.” 

For culture change at the institutional level, we need to 
align hiring and promotion practices with RCR. Pavlidis 
and Semendeferi recommend rewarding scientists for 
mentoring, especially in RCR. Semendeferi says, “Just 
demanding particular behaviors without eliminating the 
conditions that lead to unethical practices will not solve 
the issues.” We can all contribute to change, she says: 
“Individual scientists have the ability and power to make 
a difference.” 

The message that paper counts and journal impact fac- 
tors don’t represent true research value is reaching the 
academy. Macrina warns that moving away from these 
simple measures will take time. “Determining research 
quality isn’t easy,” he says. “Hiring committees have to 
seek and gather evidence to evaluate each publication, 
instead of just counting papers in high-impact journals.” 
However, he is encouraged by initiatives like DORA, and by 
scientific leaders like National Medal of Science awardee 
Bruce Alberts who publicly criticize using impact factors 
to assess research productivity. Watts notes that these 
discussions are already having an effect. “I understand 
that young scientists feel pressured to move quickly and 
produce high-impact publications,” she says. “But I’m in- 
volved in a job search right now and I’m looking for people 
who do their work with integrity, can finish what they start, 
and do solid science that others can build on—that’s who | 
want to hire.” 


Francis Macrina 


Chris Tachibana is a science writer based in Seattle, USA and 
Copenhagen, Denmark. 


DOI: 10.1126/science.opms.r1600161 
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Vice President 
Clinical Research Operations 


The Vice President of Clinical Research Operations will report to the system’s Chief Academic Of- 
ficer and will serve as an integral leader for the growth, development and future success of research 
operations within the overall Dartmouth-Hitchcock system. Ideally, the individual fulfilling this role will 
combine their leadership shills, entrepreneurial spirit and industry insight into a dynamic, positive 
force for the future of clinical research at Dartmouth-Hitchcock (D-H). This leader will also collaborate 
with and provide services to affiliated D-H institutions conducting clinical research and trials. The VP 
will play a visible role toward creating requisite governance, leadership and reporting structures as 
well as industry best practice processes, controls and enablers necessary to achieve clinical trials 
operational efficiency, financial recovery and ongoing research compliance obligations. 


Candidates are requested to apply on our recruitment site or contact: 
Janice Kilfeather-Mackey (Janice.D.Kilfeather-Mackey@Hitchcock.ORG) 


DHproviders.org/VPClinicalResearch 


Dartmouth-Hitchcock is a national leader in healthcare delivery innovation that serves a patient 
population of more than 1.9 million. This unique area of the Northeast offers an unmatched quality 
of life in a beautiful, quintessential New England setting. Home to the prestigious Ivy League Dart- 
mouth College, the local area offers a vibrant, academic and professional community rich with arts, 
outdoor activities and accessibility to major metropolitan hubs like Boston, New York and Montreal. 


innovative medicine 


The mission of the Clinical Trials Office 
at Dartmouth-Hitchcock is to facilitate 
the conduct of high-quality clinical trials 
by providing a ee eee infrastructure 
to enhance patient safety, promote 
quality research, ensure fiscal and 
regulatory compliance, and encourage 
clinical translation collaborations. The 
CTO provides administrative, fiscal, and 
regulatory support for more than 150 
clinical trials that test new therapeutics 
and medical devices. 


Core Funding: 


Core Funding from the National 
Cancer Institute is $3.1 million per year. 
NCCC has more than 30 consecutive years 


of funding from the NCI. 


Research Funding: 

Research Funding to Cancer Center 
Members: $62 million in National Institute 
of Health (NIH), NCI, and other grants and 


contracts 200+ Research Projects 


eZ Dartmouth-Hitchcock 


Learn more about 
Dartmouth-Hitchcock at: 


dhproviders.org 


(2) Clinical Trials: 

Over 150 open clinical trials, includ- 
ing Cancer Center-initiated clinical trials, na- 
tional multi-center trials, and pharmaceutical- 
funded trials. 
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St. Jude Children's 
Research Hospital 


ALSAC + Danny Thomas, Founder 


FACULTY POSITIONS 


Department of Immunology 


The Department of Immunology seeks 
applicants for up to two faculty positions 
at all levels (Assistant, Associate, or Full) 
in areas of research exploring the cell 
biology of the immune system. Preference 
will be given to applicants with research 
programs in cancer immunotherapy 

or immunometabolism. St. Jude offers 

a remarkable opportunity to perform 
cutting edge research with outstanding 
institutional support and exceptional 
core facilities in an environment of open 
collaboration. Successful applicants 

will present a vibrant research program 
with potential for interaction within the 
department and institution. 


Interested applicants should send CV, a 
letter of research interests, and contact 
information for three references to: 


Douglas R. Green 

Chair, Dept. Immunology 

St. Jude Children’s Research Hospital 
362 Danny Thomas Place MS351 
Memphis, TN 38105 
Douglas.Green@stjude.org 


EOE/Minorities/Females/Vet/Disability/ 
Sexual Orientation/Gender Identity 


The University of Texas Medical Branch 
Faculty in Experimental and Computational Biophysics 
Sealy Center for Structural Biology & Molecular Biophysics 


UTMB seeks faculty applicants at all levels in experimental and computational biophysics in the Sealy Center 
for Structural Biology and Molecular Biophysics (SCSBMB). The Center supports a graduate program in 
molecular biophysics and five excellent resource laboratories in Cryo-EM, NMR, X-ray, Computation and 
Solution Biophysics, each with a PhD-level manager. For details see: http://www.scsb.utmb.edu/ 


The successful candidate will be a highly motivated individual with a PhD, MD or equivalent degree, a 
strong publication record, and for senior faculty candidates, a record of independent, well-funded grant 
support. The ideal candidate will have research interests in the structure, novel mechanisms and functions 
of bio-molecules. Candidates for these positions will likely also hold appointment in one of the basic science 
departments at UTMB, where they should have or seek overlap with the highly collaborative, established 
biomedical research community in the basic science departments, centers and programs of excellence. 
These include the Institute for Human Infections and Immunity, which includes the Galveston National 
Laboratory, Center for Tropical Diseases, Center for Biodefense and Emerging Infectious Diseases, and the 
Sealy Center for Vaccine Development. Outstanding collaborative research opportunities are also available 
through the Institute for Translational Sciences, the Sealy Center for Cancer Cell Biology, the Sealy Center 
for Environmental Health and Medicine, the Sealy Center on Aging, the George P. and Cynthia Woods 
Mitchell Center for Neurodegenerative Diseases, the Moody Center for Brain and Spinal Cord Injury 
Research, the Sealy Center for Molecular Medicine and the Chemical Biology Program. In addition, a 
wide variety of outstanding core services are available, including recombinant DNA services, genomics, 
proteomics, high-throughput drug screening, mass spectrometry, and protein expression and purification. 
Excellent collaborative opportunities also exist through UTMB’s participation in the Gulf Coast Consortia 
and the Keck Center for Interdisciplinary Bioscience, as well as its membership in the Texas Medical Center, 
one of the world’s largest medical centers. 

Applicants are requested to submit electronically: a cover letter expressing interest in being considered, 


a curriculum vitae, current funding, a summary of research accomplishments, and future goals to mail to: 
SCSBMB.recruiting@UTMB.edu 
Direct inquiries to Dr. B. Montgomery Pettitt, mpettitt@utmb.edu, 409-772-0723. 

UTMB Health strives to provide equal opportunity employment without regard to race, color, national 
origin, sex, age, religion, disability, sexual orientation, gender identity or expression, genetic information 
or veteran status. As a VEVRAA Federal Contractor, UTMB Health takes affirmative action to hire and 
advance women, minorities, protected veterans and individuals with disabilities. 
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ASSISTANT/ASSOCIATE PROFESSOR 
DEPARTMENT OF MEDICAL ANATOMICAL SCIENCES 


Western University of Health Sciences, a thriving center for human health 
care and veterinary medicine education, is growing and along with our 
site for the College of Osteopathic Medicine of the Pacific Northwest 
(COMP-NW) in Lebanon, Oregon. 

The College of Osteopathic Medicine of the Pacific invites applications for 
two positions in the Department of Medical Anatomical Sciences. These 
are full-time, 12-month, tenure-track positions at the Assistant Professor/ 
Associate Professor/ rank dependent upon qualifications. One position 
is available on our Pomona campus and one on our Lebanon, Oregon 
campus. The Department is responsible for the teaching of medical gross 
anatomy, histology, neuroanatomy and embryology. Applicants should 
submit a cover letter expressing their interest and qualifications along with 
a curriculum vitae, current support, and three references to: 


Craig Kuehn, Ph.D. 
Director, Medical Gross Anatomy 

Department of Medical Anatomical Sciences 

Western University of Health Sciences 
College of Osteopathic Medicine of the Pacific 
309 E. Second St. 

Pomona, CA 91766-1854 
Office: 909-469-5248 
Cell: 909-731-1351 

Email: ckuehn@westernu.edu 


Western University of Health Sciences is an equal opportunity employer. 


The INNO+ Scholarship 
in Personalized Medicine 


A number of INNO+ 2 year master level 
scholarships in Medicine with Industrial 
Specialization, with focus on cancer 

classification are available at School of 
Medicine, Aalborg University, Denmark. 


The scholarships will only be awarded 


to top-class students from Brazil, India, 
China, South Korea, the USA or Japan. 


Learn more at www.smh.aau.dk 
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° Los Alamos 
NATIONAL LABORATORY 

Los Alamos . NCr es! 
National Laboratory —~— 

(LANL), a multidisciplinary research ~ 

institution engaged in strategic science on 
behalf of national security, has several opportunities 
available for Postdocs on LANL’s Foldamer Team. 


PROTEIN AND POLYMER MODELING, MOLECULAR 
BIOLOGY AND BIOPHYSICS POSTDOCS 


ORGANIC AND MATERIALS SYNTHESIS POSTDOCS 
Jobs IRC47781, IRC47278, IRC44995 and IRC47983 
Postdoctoral Fellows will collaborate on a large multi-disciplinary project to synthesize, 


characterize, and quantify diverse libraries of non-peptide biopolymers that fold like 
proteins and show functional, predictable binding and catalytic properties (Foldamers). 


The successful applicants will have PhDs in Organic/Polymer Chemistry, Computational 
Biology/Polymer Physics, Molecular Biology, or closely related fields. The Ph.D. degree 
must be completed prior to beginning any position at LANL and awarded within the 
past five years. 


Applicants for the organic and materials synthesis positions must possess advanced 
knowledge of organic synthesis and design as applied to preparation of organic 
molecules. Expertise in purification, isolation, and characterization of small molecules 
and variable size polymers is essential. 


The computational positions require advanced application and model development 
in molecular structure modeling such as Rosetta, Quantum DFT, Macro-molecular 
dynamics, polymer dynamics, structure, and function. 


The molecular biology positions require experience in design of assays for physiological 
property selection, sorting, and expertise in characterization methods including GFP 
tags, fluorescence, CD, and sequencing and/or mass spectrometry. Experience 
crossing experimentation, molecular design, and characterization will be favored. 


Applicants must submit: A cover letter and CV with publication list to Dr. Charlie 
Strauss (Pl) (cemS@lanl.gov) and Dr. Robert F. Williams (rfw@lanl.gov) 


and apply online at http://jobs.lanl.gov. a 


Assistant and Associate Professor of Systems 
Pharmacology and Translational Therapeutics 


Perelman 
School of Medicine 


UNIVERSITY of PENNSYLVANIA 


The Department of Pharmacology at the Perelman School 
of Medicine at the University of Pennsylvania seeks 
candidates for several Assistant or Associate Professor 
positions in the tenure track. Rank will be commensurate with 
experience. The successful applicant will have experience 
in the field of systems pharmacology, neuropharmacology, 
pharmacomicrobiome, biologics, mechanism of pain, RNA, 
or cellular therapeutics. Responsibilities include establishing 
robust independent funding for their research program. 
Applicants must have a Ph.D. and/or M.D. degree and 
demonstrated excellent qualifications in research. 


The Department is part of a highly collaborative research 
community that integrates disciplines from basic, translational, 
and clinical pharmacology with focus areas including 
neuropharmacology, cardiovascular and cancer pharmacology 
and other disciplines. 


The University of Pennsylvania, founded by Benjamin Franklin, 
is a world-class research institution located near the center of 
Philadelphia. All of Penn’s twelve schools are located within 
walking distance of one another. The Perelman School of 
Medicine at the University of Pennsylvania is one of the top 
ranked medical schools in the nation for research and NIH 
funding. 

We seek candidates who embrace and reflect diversity in the 
broadest sense. The University of Pennsylvania is an EOE. 


Minorities/Women/Individuals with disabilities/ Protected Veterans 
are encouraged to apply. 


Apply online at: 
https://www.med.upenn.edu/apps/faculty_ad/index.php/g/d4209 


Florida State University 


Translational Health and Human Neuroscience Applications of Functional 
Magnetic Resonance Imaging 


As part of a strategic faculty hiring initiative in Brain Health & Disease, Florida State University invites applications for an open-rank, tenure-track faculty 
position with joint appointments in the departments of Psychology (College of Arts and Sciences) and Biomedical Sciences (College of Medicine). We 
invite nominations and applications from researchers with expertise in fMRI. Specific areas of research include but are not limited to the study of normal 
and abnormal behavioral and cognitive functions across the life span and brain mechanisms underlying medical, psychiatric, neurodevelopmental, and 
neurodegenerative disorders. 


A successful candidate is expected to have a synergistic impact on existing research programs in the University’s departments and interdisciplinary centers 
and to contribute to teaching and mentoring of students. Sustained pursuit of individual and collaborative externally-funded research projects is an explicit 
goal of this hiring initiative. Applicants should currently hold external funding and demonstrate a strong history of grant funding. This position offers a 
highly competitive salary and start-up package, state-of-the-art research space, and access to world-class instrumentation and facilities in academic and 
interdisciplinary units, including the Institute for Successful Longevity, the Interdisciplinary Neuroscience Program, and the National High Magnetic Field 
Laboratory (NHMFL). This latter unit has an extensive research portfolio aimed at pushing the limits of resolution in magnetic resonance spectroscopy 
and imaging. 

FSU features a brand-new research-dedicated neuroimaging center housed in a 2200-sq-foot suite expressly designed for human imaging. This center will 
feature a newly installed 3T Siemens Prisma scanner with 32- and 64-channel head coils and will be fully equipped for advanced imaging. Comprehensive 
support facilities are planned to include simultaneous EEG and peripheral physiology recording systems, VPixx HD LED projector (with 3D functions), 
eye-tracker, and state-of-the-art computing suite. Exceptional technical support and collaborations will be provided through the NHMFL. 


Florida State University is classified as a Carnegie RU/VH (very high research activity) institution with a student population approaching 42,000 (including 
highly ranked doctoral programs in psychology, biomedical sciences, and related disciplines). The University continues to make considerable investments 
in research infrastructure in the sciences and engineering disciplines. The University is located in Tallahassee, the capital of Florida, where residents have 
access to a broad range of cultural amenities afforded by the presence of three institutions of higher learning. The region boasts an abundance of springs, 
lakes and rivers as well as pristine beaches on the Gulf of Mexico. 


Applicants are asked to provide a single document in PDF format containing a letter of application, a full CV (with links to recent publications), a two page 
narrative describing their research interests, and a brief teaching statement. Applications must be sent electronically to pro-brain-initiative2016.search@ 
fsu.edu. Applicants should also arrange to have three letters of recommendation sent in electronic format to pro-brain-initiative2016.letters@fsu.edu. 
The search committee will begin reviewing applications starting March 15th, 2016 and will continue to review new applications until the position is filled. 


Florida State University is committed to the diversity of its faculty, staff, and students, and to sustaining a work and learning environment that is inclusive. 
Women, minorities, and people with disabilities are encouraged to apply. FSU is an Equal Opportunity/Access/Affirmative Action/Pro Disabled and Veteran 
Employer. FSU's Equal Opportunity Statement can be viewed at: http://www. hr.fsu.edu/PDF/Publications/diversity/EEO_Statement.pdf. As an agency of the 
State of Florida, information shared with Florida State University is subject to disclosure under the Florida Public Records law, unless specifically exempted. 


John Innes Centre 


INDEPENDENT RESEARCH FELLOWSHIPS 


The John Innes Centre (JIC), Norwich, UK is a world After the Conference we will select and mentor outstanding 
leading centre of excellence in plant and microbial candidates in writing Fellowship applications and/or offer 
sciences based on the Norwich Research Park. We the opportunity to move existing Fellowships to the JIC. 


are inviting applications from outstanding researchers 
who either hold, or wish to apply for Independent 
Research Fellowships [such as a BBSRC David 
Phillips Fellowship (http://www. bbsrc.ac.uk/funding/ 
fellowships/david-phillips.aspx), or a Royal Society 
University Research Fellowship (http://royalsociety. 
org/grants/schemes/university-research/)], to attend 

a Conference at the JIC on 18th April 2016. At the 
meeting you will be able to present a talk about 

your proposed area of research and to discuss your plan, a copy of your CV and arrange for three 
proposals, the development of your group and your letters of recommendation to be emailed to 
future career plans in depth with senior JIC Scientists. | dawn.rivett@nbi.ac.uk by 11th March 2016. 


Considerable additional resources will be provided to 
Fellows by the Centre. 


Further details and particulars can be found at 


fellowships/independent-research-fellows-conference, 


Please e-mail a 2-page summary of your research 


_ The John Innes Centre is a registered charity (No223852) grant-aided by the Biotechnology and eee 
Se ss Biological Sciences Research Council and is an Equal Opportunities Employer and supports f f Y 4 ays 
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Ul University of Illinois 
at Chicago 


Assistant/Associate Professor - 
Physiology and Biophysics 


The Dept. of Physiology and Biophysics of the College of Medicine at the 
University of Illinois at Chicago is seeking outstanding candidates for tenure 
track faculty positions at the Asst. and Assoc. Professor levels. UIC offers an 
exciting intellectual environment undergoing growth in several areas of 
research, strong training programs, outstanding core facilities, & wonderful 
opportunities for collaboration in the Chicago community. 


We seek candidates whose research programs can leverage interdisciplinary 
approaches for the study of molecular, cellular & whole animal physiology 
and pathophysiology. Candidates with a record of innovative & collaborative 
research in vascular biology, tumor biology, systems biology or metabolism 
are encouraged to apply. 


Applicants must have a Ph.D. and/or M.D., postdoc. exp., strong publication 
record, and potential for extramural funding at the Asst. Professor level 
or significant current extramural funding at the Assoc. Professor level. The 
successful candidates will be expected to establish & maintain an extramurally 
funded research program, and participate in teaching at the graduate 
& professional health science levels. Highly competitive salary & start-up 
packages commensurate with qualifications and experience are available. 


To apply, please visit: https://jobs.uic.edu/job-board & select the position 
from the list of openings. Please upload a curriculum vitae with a brief 
statement of research interests, proposal for ongoing & future research (2-3 
pages), and the names & contact information for 3 references. For fullest 
consideration, the application must be received by February 16, 2016. 


The University of Illinois at Chicago is an Equal Opportunity, Affirmative 
Action employer. Minorities, women, veterans and individuals with 
disabilities are encouraged to apply. The University of Illinois may conduct 
background checks on all job candidates upon acceptance of a contingent 
offer. Background checks will be performed in compliance with the Fair 
Credit Reporting Act. 


UNIVERSITY OF 


mien SOUTH CAROLINA 


THO. 


Director, Functional Genomics and Viral Vector Core 


Individual sought to oversee the day-to-day operations of the Functional 
Genomics Core (FGC) (www.sccp.sc.edu/functional_genomics_core) of 
the NIH-supported Center for Targeted Therapeutics (www.sccp.sc.edu/ 
ctt) and the Viral Vector Core (VVC) (http://ppn.med.sc.edu/vector.core. 
asp) at the University of South Carolina (USC). The appointment will be 
made at the level of a Research Assistant or Research Associate Professor 
at the USC School of Medicine, depending on experience. Responsibilities 
include interaction with investigators, plus overseeing and participating in 
the various services provided by the Functional Genomics Core (based at 
the USC College of Pharmacy) and Viral Vector Core (based at the USC 
School of Medicine). These laboratories produce genetically modified 
viral vectors and vector libraries designed to alter gene expression in vitro 
and in vivo, and conduct gene expression profiling and measurements. 
The services are provided for investigators both within and outside of 
the university. A PhD and at least five years of experience in viral vectors 
and genetic modification of mammalian cells is required. Experience in 
gene expression profiling and use of viral vectors in vivo is desired. The 
candidate will join a collegial and collaborative environment with focus 
areas in neurobiology, cancer, and cardiovascular research. 


To apply please submit a single electronic file (PDF or Word) that 
includes a cover letter summarizing qualifications, curriculum vitae and 
publication list, a statement of experience and professional goals, and 
contact information for four references. The file should be attached to an 
e-mail message sent to Dr. Marlene Wilson at director.search@uscmed. 
sc.edu with Core Director Search as the subject. Review of applications 
will begin February 1, 2016 and continue until the position is filled. 


The University of South Carolina is an AA/EOE. 


mylIDP: 
A career plan customized 
for you, by you. 


Features in myIDP include: 
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For your career in science, there’s only one Science 


= Exercises to help you examine your skills, interests, and values 
« Alist of 20 scientific career paths with a prediction of which ones best fit your skills and interests 
« Atool for setting strategic goals for the coming year, with optional reminders to keep you on track 


" Articles and resources to guide you through the process 


" Options to save materials online and print them for further review and discussion 


Recommended by 
leading professional 


Ability to select which portion of your IDP you wish to share with advisors, mentors, or others 


societies and the NIH " Acertificate of completion for users that finish mylDP. 


Visit the website and start planning today! 
myIDP.sciencecareers.org 
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AAAS is here — 


helping scientists achieve 
career sucess. 


Every month, over 400,000 students and 
scientists visit SclenceCareers.org in search 
of the information, advice, and opportun- 
ities they need to take the next step in 
their careers. 


Acomplete career resource, free to the 
public, Science Careers offers hundreds 
of career development articles, webinars 
and downloadable booklets filled with 
practical advice, a community forum 
providing answers to career questions, 
and thousands of job listings in academia, 
government, and industry. As a AAAS 
member, your dues help AAAS make this 
service available to the scientific community. 
If you’re not a member, join us. Together 
we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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A FRANCOPHONIE 


Institut Pasteur 


Joint International Call for Applications AUF - Institut 
Pasteur for Leaders of 4-year research groups within the 
Institut Pasteur International Network 


Agence Universitaire de la Francophonie (AUF) and Institut 
Pasteur are jointly launching an international call for applications 
for future leaders of 4-Year Groups (G4) within the Institut 
Pasteur International Network (RIIP) in Sub-Saharan Africa and 
Southeast Asia (Cameroon, Céte d’lvoire, Guinea, Madagascar, 
Niger, Senegal, the Central African Republic, Cambodia, China, 
Korea, Laos and Vietnam). The young scientist leading the group 
must propose an innovative and ambitious international research 
programme in infectious, tropical or neglected diseases. 


Closing date for applications: 31 March 2016 


See more: http://www.pasteur.fr/en/international/international- 


network-cou rses/ 4-yea r-group 


Online Applications exclusively: http://g4.pasteur-international. 
ore 
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ASSOCIATE OR FULL PROFESSOR 


The University of lowa Carver College of Medicine is seeking a full-time 
faculty member in the Department of Surgery, Division of Gastrointestinal, 
Minimally-Invasive, and Bariatric Surgery at the level of Associate or Full 
Professor in the tenure-track. The successful candidate for this position 
will be a member of the Fraternal Order of Eagles Diabetes Research 
Center (FOEDRC) and the University of lowa Obesity Research and 
Education Initiative (OREI). New faculty in the OREI will complement 
the University’s existing expertise in this University intercollegiate, 
multidisciplinary initiative. Participation in the FOEDRC and OREI will 
be an important component in performance evaluations. In addition, the 
new hire may be eligible for appointment as Vice Chair of Research for 
the Department of Surgery, appointment to a basic science department, as 
well as appointment to the Dr. Edward and Dordana Mason Professorship. 


Education Requirement: Candidates must possess a MD and/or PhD 
(or equivalent). Required Qualifications: Candidates must have an 
established record of research excellence, including a record of sustained 
external research funding with RO! funding being highly desirable, 
and ongoing scholarly productivity. Candidates must have experience 
working effectively in a diverse environment and should have excellent 
interpersonal and leadership skills. 


To apply for this position visit the University of lowa website: http:// 
jobs.uiowa.edu, requisition #68045 


The University of Iowa is an Equal Opportunity/Affirmative Action 
Employer. All qualified applicants are encouraged to apply and will 
receive consideration for employment free from discrimination on 
the basis of race, creed, color, national origin, age, sex, pregnancy, 
sexual orientation, gender identity, genetic information, religion, 
associational preference, status as a qualified individual with a 
disability, or status as a protected veteran. 


Director, Minnesota Institute on the 
Biology of Aging and Metabolism 


As a component of the medical discovery team 

initiative at the University of Minnesota Medical 
University of Minnesota School, exceptional scientists are invited to apply for a 

Medical School tye 

tenured faculty position at the full professor level as the 
founding director of the Minnesota Institute for the Biology of Aging and 
Metabolism (iBAM). This State of Minnesota funded initiative is designed 
to develop centers of excellence in targeted areas relevant to the mission of 
the Medical School and University. The successful candidate is expected to 
maintain their active and vibrant research program in the biology of aging, 
to develop the Institute and its research themes, to recruit new investigators 
to the Institute and to work with the leadership of the Medical School and 
University to develop philanthropy around healthspan research. Preference 
will be given to scientists focusing on the molecular and cellular basis of 
aging and is expected to complement existing strength in genome stability, 
energy metabolism and proteostasis. 


Applicants must apply online at: http://www1.umn.edu/ohr/employment/. 
Click on the appropriate tab under “Search & Apply for Openings”, enter 
307216 into the “Keywords” field, then click the “Search” tab. Applicants 
should attach a cover letter, curriculum vitae, a description of their research 
program and a list of 3 potential references. Minimum qualifications include 
an M.D. or Ph.D. degree (or equivalent) and a track record of academic 
leadership and experience in leading interdisciplinary teams of scientists. 
Review of applications will begin immediately and continue until the position 
is filled. More information concerning the medical discovery team initiative 
and this position can be found at http://www.med.umn.edu/research/medical- 
discovery-teams. 


The University of Minnesota provides equal access to and opportunity 
in its programs, facilities, and employment without regard to race, color, 
creed, religion, national origin, gender, age, marital status, disability, 
public assistance status, veteran status, sexual orientation, gender identity, 
or gender expression. The University supports the work-life balance of its 
faculty and especially encourages applications from women and members 
of under-represented groups. 
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Download the 
Science Careers jobs app from Science 


May 2-4, 2016 - Walnut Creek, CA 


This meeting, hosted by the U.S. Department of Energy 
Joint Genome Institute, will bring together those 
interested in the role of secondary metabolites in 
plant-microbe and microbe-microbe interactions 

to discuss approaches for studying and manipulating 


Search 1480 jobs 


the impact of secondary metabolites on environmental 


Browse alll jobs 


Jobs are updated 24/7 


Search thousands of jobs 
on your schedule 


Receive push notifications 
per your job search criteria 


Get a job on the go. 

Search worldwide for thousands of 
scientific jobs in academia, industry, 
and government. The application 
process is seamless, linking you 
directly to job postings from your 
customized push notifications. 
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systems. Participants will also learn about JGI 
capabilities—large-scale DNA sequencing, 
synthesis and data mining—available to them. 


Applications accepted through February 29, 2016. 
Limited to the first 80 participants. Apply here: 


http://bit.ly/JGI-Metabolites 


Confirmed speakers include: 
Emily Balskus, Harvard 


Gabriele Berg, Graz 
University of Technology 


Bradley Moor, Scripps 
Institution of Oceanography 


Sarah O'Connor, John Innes 


Clint Chapple, Purdue Centre, UK 
University Anne Osbourn, John Innes 
Jeff Dang], University of North Centre, UK 
Scan this code to Carolina, Chapel Hill Reuben Peters, /owa State 
download app or visit m= Lars Dietrich, Columbia Masses) 
apps.sciencemag.org Calera Jos Raaijmakers, N00 
for information. Monica H6fte, Ghent Wageningen 
University Mohammad Seyedsayamdost, 
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Ikhlas Khan, National Center 
for Natural Products Research 

Mark Lange, Washington 
State University 

Joyce Loper, USDA-ARS, 
Oregon State University 


Princeton University 

Lloyd Sumner, The Samuel 
Roberts Noble Foundation 

Dorothea Tholl, Virginia 
Tech University 

Julia Vorholt, ETH Zurich 


Join the Conversation! 


Twitter is a great way to connect with 
AAAS members and staff about the 
issues that matter to you most. Be a part 
of the discussion while staying up-to-date 
on the latest news and information 
about your personal member benefits. 
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POSTDOCTORAL OPPORTUNITIES 


POSTDOCTORAL POSITION available to 
study mechanisms regulating mammalian oogenesis 
and early embryogenesis. Studies involve a combination 
of advanced embryology, cell biology and molecular 
techniques, including microsurgical nuclear transfer, 
genetic analyses, transcriptome and pathway analysis, 
protein expression studies, epigenetic studies, and meth- 
ods for manipulating gene expression. Experience in 
microsurgery, microinjection, embryo manipulation or 
molecular biology preferred. Send curriculum vitae and 
references to Dr. Keith Latham, Department of 
Animal Science, Michigan State University, 474 
S. Shaw Lane, East Lansing, MI 48824; telephone 
517-353-7750; email: lathamk1 @msu.edu. Michigan 
State University is an Equal Opportunity Employer. 


POSITIONS OPEN 


IN THE UNIVERSITY OF ARIZONA 
. CANCER CENTER 


A Postdoctoral Research position working 
with Dr. Andrew S. Kraft, Director of the 
University of Arizona Cancer Center in 
Tucson, Arizona is available. The research will 
focus on investigating the ability of the Pim 
protein kinases to control the growth and 
metastasis of cancer, e.g. prostate, using 
knock-out and knock-in mice, cell culture, 
and novel small molecule kinase inhibitors 
(MCB 34:2517, 2014, Oncogene 34: 3728, 
2015). Research will investigate the control of 
signaling pathways; identify substrates, and 
the interaction of Pim with other protein 
kinases, including AKT and mTOR. A strong 


background in protein chemistry, molecular 
and cellular biology, and experience working 
with mice is needed. 


Applicants should submit cover letter, 
curriculum vitae, and the names of three 
references via the following website: 
www.uacareers.com and seek job #A20142 


Outstanding UA benefits include health, dental, 
and vision insurance plans; life insurance and 
disability programs; paid vacation, sick leave, and 
holidays; UA/ASU/NAU tuition reduction for the 
employee and qualified family members; state and 
optional retirement plans; access to UA recreation 
and cultural activities; and more! 


The University of Arizona is an 
EEO/AA employer-M/W/D/V. 


WORKING LIFE 


By Jorgen Johansson 


530 


Battling the bureaucracy hydra 


ow hard can it be to write a contract?” I asked myself. After all, I had already overcome some 

long odds. Seven weeks earlier—just days before I was to fly to Brussels for the second evaluation 

phase of a European Research Council (ERC) Starting Grant application—the Icelandic volcano 

Eyjafjallajokull erupted, throwing enough ash into the sky to essentially halt European air traf- 

fic. Yet my flight from Sweden, where I was an assistant professor at Umea University, was one 

of the few not grounded. Then, when I arrived at ERC headquarters and entered the hot, airless 
meeting room to present my proposed work, the chairperson told me, “You have 10 minutes—sharp.” I 
finished in 9 minutes and 59 seconds. “This must be a good sign,” I told myself. 


I turned out to be right. In the 
middle of the summer holidays, I 
learned that I received the grant! 
But the contract negotiations had 
to start immediately. With 19 dif- 
ferent documents amounting to 
more than 150 pages to read or fill 
out, the contract process seemed 
like a many-headed bureaucratic 
hydra. I had to convert the text 
and budget of my application into 
a legal document, but my knowl- 
edge of legalese was limited, so I 
enlisted help from administrators 
and lawyers at my university. 
Eight weeks later, my team at 
Umea and ERC officers in Brus- 
sels had exchanged many emails 
and documents, 15 people had 
been mobilized, and I had sacrificed a large part of my va- 
cation, but the contract was signed. 

A couple of months later, I realized that I needed to tem- 
porarily hire an outside person to bring in some specific 
expertise. The ERC officer said I would have to amend the 
painstakingly negotiated contract and asked me, “Do you re- 
ally need to do this?” Any sensible person would have realized 
that such a statement meant problems, but I somehow missed 
the not-so-subtle message. After once again going through the 
lengthy contract process, I had an amended contract. 

A year later the hydra returned, hidden in a discreet 
email entitled “Advanced Notice Letter,’ alerting me to the 
fast-approaching deadline for my first financial report. 
A failure to have the report approved would prevent me 
from receiving further funding, but meeting all the require- 
ments laid out in the 36-page user guide seemed almost 
impossibly complicated. Again, a fierce communication be- 
tween Umea and Brussels began. Through a strategy that 
amounted to trial and error, and with the help of support- 
ive ERC officials, the report was approved, and I could turn 
my attention back to research. 


“The hydra returned at 
unpleasantly regular intervals.” 


The hydra returned at unpleas- 
antly regular intervals, demand- 
ing its share of sacrifice. I have 
now finished the ERC project and 
completed four financial reports 
and two scientific reports. In ad- 
dition, three different external 
auditing firms have scrutinized 
the project because auditing is 
required once a certain budget 
threshold is reached. 

My ERC adventure helped me 
build up my research group and 
produce good science, and it has 
meant an enormous amount to me. 
But fighting the hydra has taken its 
toll. Certainly large grants require 
some control measures, but I don’t 
think that cutting the number of 
reports and audits by half would have been irresponsible— 
and it would have allowed me to spend more of my time on 
the research the grant was meant to fund. But on the posi- 
tive side, the experience helped me become more patient and 
stress resistant, and I now know that I have many helpful 
colleagues who can support me. 

So what advice can I offer for others facing the hydra? First, 
before even applying for a grant, carefully plan how you'd like 
to spend the money to avoid time-consuming amendments. 
Second, the administrators helping you with the process are 
probably much more experienced in dealing with these situ- 
ations than you are, so listen to their advice. Third, don’t de- 
spair. Even if the requirements are complicated and lengthy, 
you will get through them—with the assistance of those more 
expert than you. Then you can return to the real reason you 
became a scientist and get back to the research. @ 


Jorgen Johansson is a professor in the Department of Molecu- 
lar Biology and a member of the Laboratory for Molecular 
Infection Medicine Sweden at Umed University. Send your 
story to SciCareerEditor@aaas.org. 
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